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The AC plasma display panel is presently being sold by a number of 
large corporations and is satisfying a wide range of display applications. 
However most of its excellent characteristics have been achieved through 
empirical efforts. This thesis will present both theoretical and experimental 
results that begin to explain some of the detailed physical characteristics 
of this device. 
The theoretical effort is based on a one dimensional computer 
simulation of the discharge which includes calculation of the detailed 
electron dynamics and the effects of electric field distortion. The results 
show the existence of a plasma of density 1013 cm-3 that fills most of the 
discharge gap at the peak of the discharge current. This plasma lasts for 
many microseconds after the discharge peak. 
Wall charge transfer curves are computed with the simulation and 
from these curves two physical effects that allow the plasma panel to exhibit 
memory are identified. One effect is strongly dependent on sustain voltage 
waveshape and the other is dependent on gas pressure. 
Measurements are made of the capacitance variation and the micro-
wave transmission of the plasma cell. These results verify the existence of 
the plasma predicted by the simulation, however they do not give the desired 
information about the plasma density. The plasma is shown to exist for periods 
as long as 100 microseconds. Significant changes in the sustain voltage cause 
the plasma to be swept out of the volume. 
Attempts were made to measure the plasma density with optical 
interferometry. To accomplish this a very simple interferometer was developed 
that could routinely measure phase shifts smaller than 10-S R. These are 
believed to be the most sensitive optical phase change results ever published . 
The optical plasma density measurements were not successful because 
of the large neutral atom density changes that caused index of refraction 
changes much greater than the anticipated electron density index change. 
However, much was learned about the neutral density variations. Sound waves 
that are initiated by the heating of the discharge activity in the cathode 
region were observed . These waves travel back and forth between the anode 
and the cathode for many microseconds after the discharge pulse. By 
measuring their velocity, one can determine the gas temperature. In a 
typical plasma cell with a standard gas mixture, the gas temperature of an 
on cell is only a few degrees centigrade above the off cell temperature. 
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CHAPTER 1 
INTRODUCTION 
The AC plasma display panel is now being used in a wide range of 
display applications. Devices are presently being sold in a variety of sizes 
and shapes that range from the large quarter million cell graphic display 
panels used by the PLATO system down to small 7 segment numeric digits used 
in digital clocks. The list of corporations presently marketing these 
devices continues to grow and presently includes IBM, Owens-Illinois, Fujitsu 
and Varian. Others, having significant research programs, include Control 
Data, Bell Labs and Burroughs. 
The larger panels are having a major impact in the area of computer 
graphics. A list of advantages over the CRT includes: high brightness, high 
contrast ratio, no spatial distortion, long lifetime, inherent memory, no 
flicker and digital addressing, An example of the quality of this display 
can be seen in many of the figures in Chapters 2 and 3 of this thesis. 
The basic panel design used for large displays is shown in Figure 
1.1 [1]. A key feature of the AC plasma panel is that the electrodes are 
insulated from the gas by a suitable dielectric, which in most cases is 
glass [2]. Thus, in order to drive the panel an AC voltage is required. 
The glass dielectric serves two very useful purposes. It limits the current 
of the gas discharge and thus prevents a disastrous arc. The dielectric thus 
replaces the current limiting resistor necessary for a DC gas discharge, The 
second benefit is that it can be used to store charge. This charge can be 
used to keep the display cell in an on or off state and thus allow the AC 
plasma panel to have inherent memory [3]. 
Gloss Dielectric 
2 
Bose Substrate 
1/4" Glass 
,,..,-------=- -------
Gos Covily 
CR· }04 
Opaque Conductors 
Figure 1.1 . Basic design for tar&• AC plasma display panels-
The glass dielectric is typically 25 µm thick and 
the gas cavity is about 100 µ m thick. 
---
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Figure 1.2 shows the typical electronic operation of this device 
[4]. The AC sustain voltage is applied constantly to all cells in a panel. 
Depending on its previous history each cell is either on or off. The on 
cells emit light pulses as shown . The voltage component associated with 
charge on the dielectric is commonly called the wall voltage . Its behavior 
depends on the state of the cell and is shown in Figure 1 . 2. A cell will be 
on if sufficient wall voltage exists so that the addition of the wal l voltage 
and the sustain voltage across the gas is sufficient to cause a gas discharge. 
An off cell will have zero wall voltage. The amplitude of the sustain 
voltage alone must be insufficient to cause a discharge. A cell is turned 
on or off by adding appropriate address pulses to the sustain voltage in 
such a way as to cause a discharge that will bripg the wall voltage to the 
desired level . 
The above theory has been understood since the invention of the 
device . This theory has not been successful at prescribing how to design 
plasma display systems . Things such as gas mixture, cell geome try, _and 
sustain voltage waveforms have all been derived empirically with little or 
no guidance from theory. Thus a more complete theory of operation is badly 
needed for the AC plasma display panel. 
Unfortunately, there has been very little experimental work 
published on the device physics . Few advances have been made beyond the early 
works of Wilson [5] and Arora [6] . One reason for this is that this device 
has a very small anode- cathode gap spacing of about 100 µm . This makes it 
very difficult to apply conventional plasma diagnostic techniques such as 
microwave transmission or electric probes . Another complexity is the fact 
4 
Vs(max) 
Vw1 ---·-·, _,-.•-·, ,,,,_._ 
o i---4--i-~-~---i-·L 
. \ . \ . 
-Vw1 .J ·-·-·.J ·----~ 
-Vs(max6~ /\ __ /\ ___ /\ __ /\ ___ /\ __ 
I-~ Light Output State 1 
Vs(max) 
0 --
-Vs(max) 
o'f~-------Light Output State 0 
--- Wall Voltage - State 0 
( "Off II State ) 
- · - Wall Voltage - State 1 
(
11On 11 State) 
-- Sustain Voltage 
CP - 311 
Figure 1.2. Vo ltage waveforms for cells in the on and the off state. 
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that the voltage across the gap is continually changing and is not directly 
measurable . This means that a steady state situation is never reached. This 
type of discharge fits between the well-known OC steady state discharge and 
the well-known RF AC discharge where wall effects are not important. A 
further complication is the fact that the cathode material used in this 
discharge is a dielectric and very few diel~ctrics have been studied for 
their cathode properties. 
The purpose of this thesis is to provide a better understanding of 
the important ph.ysical process involved in the plasma panel gas discharge. 
It can be divided into 2 major parts : theoretical studies covered in Chapters 
2 and 3, and experimental studies covered in Chapters 4, 5 and 6. A computer 
simulation based on simple Townsend gas discharge theory is used to gain 
insight to the nature of the discharge. The simulation is then used to 
present some major theoretical results concerning the electrical character-
istic of the device . The simulation shows the existence of two mechanisms 
that allow this device to exhibit memory characteristics. 
The experimental studies attempt to measure various physical 
quantities in the plasma panel. In the past only two quantities have been 
measured: discharge current and light output. Chapter 4 deals wf th 
measurements of the RF capacitance of this device. Also the microwave 
transmission properties are measured. Both of these measurements show the 
existence of a long lived plasma that remains in:: the gas volume for long 
periods after the end of the discharge current pulse . The existence of 
this plasma has important consequences for the operation of the device. 
6 
Chapters 5 and 6 deal with the measuring of ·the index of refraction 
of the gas volume. A spinoff of this research was the development of a very 
simple interferometry system capable of measuring optical phase changes 
-5 o smaller than 10 A. Because of its importance to researchers in other areas, 
Chapter 5 is devoted to a discussion of this technique. Chapter 6 presents 
the results of index of refraction measurements on the gas volume of a plasma 
cell . 
2.1 Introduction 
7 
CHAPTER 2 
CCMPUTER SIMULATION 
In this study a digital computer was used to model a one dimensional 
plasma display cell . The basic philosophy of these calculations is to use 
them as a qualitative guide to the simple physical processes in a plasma 
display panel. For this reason, all calculations presented here will deal 
with only two particle species - ions and electrons . However, because of 
its importance, the field distortion due to the electrons and ions in the 
gas volume will be carefully calculated. 
This chapter will present a review of the works of others and the 
details of the calculational t echnique presented here. Also the character-
istics of a typical discharge are discussed. In Chapter 3 the calculational 
technique will be used to explain why this device has memory. 
2.2 Review of Previous Calculations 
Before the details of these calculations are presented, it is 
worthwhile to discuss the works of others. Verone and Wang [7] published 
the first calculations of a plasma display panel discharge. The results 
were for a single discharge in pure Neon gas, a 200 kHz ·. sine wave sustain 
waveform, and what is commonly referred to as the U of I panel geometry 
which is now considered obsolete. Their calculations used a finite difference 
technique developed extensively by Ward [8,9,10,11,12]. 
This technique is very costly in terms of computer time. On a 
high speed computer this single discharge cycle took as much as 15 minutes 
8 
CPU time. This long time is basically due to convergence, criteria of 
finite difference techniques. The solution is obtained by dividing space 
into 15 mesh points and then dividing time into small · steps. Values are 
calculated for all electron and ion densities for each mesh point for a 
particular time. Time is then incremented by one time step and again the 
calculations are made. The amount of CPU time needed for a given discharge 
time depends heavily on the size of the time step needed for a convergent 
solution. Ideally this time step, or bt, should be infinitely small. For 
the obvious practical reasons it is made as large as possible. It can be 
shown [12] that the finite difference technique used here converges as long 
as bt is smaller than the time for the electrons to get from one mesh point 
to the next. -11 In plasma panel calculations 6t is typically 10 sec. Thus 
to calculate what happens in the plasma panel for one microsecond takes about 
105 . . iterations. In each iteration the values of the ion and electron 
densities must be calculated for each mesh point. Thus it is clear that 
Ward's technique is very expensive to implement if a large number of di scharge 
c y c 1 es i.s desired. Unfortunately, the nature of the plasma display panel 
necessitates calculating a long series of discharges due to the strong 
influence of one discharge on the following discharges in a sequence . Thus 
all other calculations discussed below do not use Ward's technique because 
of CPU time limitations. 
Lay, Chu and Haberland [13] have done calculations of long series 
of discharges in plasma display cells. Unfortunately, they disregard the 
effects of electric field distortion. On the other hand, they include the 
effects of Neon metastables in a Penning mixture of Ne+ Ar. To make the 
9 
calculations run at reasonable CPU times, they choose the time step At just 
shorter than the ion transit time between mesh points [12]. Since the ions 
travel at a much slower velocity than electrons, this technique runs by a 
2 3 factor of 10 to 10 faster. Unfortunately, this technique neglects all 
details of the electron motion in the discharge process. 
Unlike Verone and Wang, Lay et al. clearly show that their 
discharge sequences have memory. The correct way to demonstrate memory is 
to run a series of sustain voltage pulses and show that the wall voltage can 
stabilize to both an on state and an off state, depending on the initial 
value of wall voltage. Since only one discharge is presented, one cannot 
tell if Verone and Wang's model has memory. Unfortunately, Lay et al. 's 
results cannot be viewed as accurate solutions because they neglect field 
distortion and the detailed effects of the electrons. 
The work of Lanza [14] should be viewed with much greater interest, 
In this case, the effects of electric field distortion are included, Also 
the details of the electrons are not neglected, A very clever calculational 
technique is used that uses a 6t somewhere between the electron transit time 
and ion transit time. Thus Lanza's calculations are faster than Verone and 
Wang's but slower than Lay et al. 's. To determine the details of the electron 
motion across the gap, Lanza uses a novel estimation scheme that divides the 
gap into three regions that each have separate electron density calculational 
algorithms. He shows excellent agreement between his calculations and experi-
mental values, In fact, this agreement is almost too good, in light of the 
many approximations needed for the calculations. He is the first to show the 
existence of a weak plasma region near the anode for a fraction of a 
microsecond close to the peak of the discharge current. He does not show 
10 
any series of discharges and thus it is not possible to show whether this 
technique has memory. In fact it is difficult to say whether this technique 
yields the correct solution. If it does, it is a very exciting way of 
decreasing the CPU time. However comparisons made later on in this thesis 
seem to indicate that it does not give the same solution as the more rigorous 
technique of Ward. 
The most recent published work is that of Lanza et aL [15] in which 
they extend Lanza's original work to include not only the effects of neon 
ions and electrons, but other species including neon metastable states, neon 
imprisoned states, and Ne+, Ar+ and Net, ion species. With the addition of 
all of these new species the calculational time is greatly increased to the 
point that it is almost equivalent to that required by Verone and Wang. 
The calculational philosophy of Lanza et al. is considerably 
different than the philosophy taken in the techniques described below. They 
are trying to include as many known physical effects as is calculationally 
possible in order to achieve an exact simulation. The approach taken below 
uses a very simple model and attempts to learn all that it teaches. After 
the simple model is understood, then the perturbations of various other 
species in the discharge should be included. 
2.3 Details of Calculations Presented Here 
The calculational technique chosen here is the finite difference 
technique of Ward. These calculations are performed over a much wider range 
of cases than presented by Verone and Wang. The computer used is a CDC 
cyber 73 (6500) that is principally used by the PLATO computer-based 
11 
education system. This job was run in a background mode which would allow 
it a number of CPU hours each day. The calculations presented below represent 
a 2½ year study involving more than 2000 hours of CPU time. 
Although the exact calculational technique has been presented many 
times U,8,9,10,11,12], a summary of the technique used here will be presented 
as a convenience. 
In one dimension, the three basic equations to be solved are: the 
electron continuity equation 
on 
e 
ot QIU V e e 
2- (n V ) 
ox e e 
(2 . 1) 
states that the rate of change of electron density at a point in space 
is equal to the rate of electron generation (Qin V) plus the rate of 
e e 
the electrons coming in minus the rate of electrons going out of that point 
0 (- - (n V )). Similarly the ion continuity equation is 
ox e e 
on. 
l. 
--= 
ot 
QIU V 
e e 
+2-( V) 
ox ni i 
where n is the electron number density, n. is the ion number density, V 
e 1. e 
(2 . 2) 
is the electron velocity, V. is the ion velocity, QI is the Townsend coeffi-
1. 
cient that describes the number of electrons freed by the av~lanche process 
per unit length, xis space, and tis time . The variables n, n., V, V., 
e 1. e 1. 
and QI are all functions of both x and t. The variables V, V., and QI are 
e l. 
characteristic of the gas and are directly dependent on the value of the 
electric field E(x,t) which must be found from Poisson's equation: 
oE 
-= ox 
12 
.L (n.-n ) E
0 
1. e 
(2.3) 
where q is the charge of the electron and E is the dielectric constant of 
0 
free space. 
From the above three equations and knowledge of the functional 
relationship of V, V., and a on E, one can find the desired solution which 
e l. 
is n and n . for all values of space and time if the necessary boundary e i 
conditions and initial conditions are specified. In a gas discharge a number 
of physical effects can occur at the cathode that will define the cathode 
boundary conditions . If we define an electron current density 
j (x,t) = n (x , t) • V (x,t), then this cathode boundary condition is speci-
e e e 
fied by the electron current from the cathode 
j (0, t) 
e (2 . 4) 
where j is a very small constant current emitted from the cathode to get 
0 
the discharge process started, ji(O,t) is the ion current at the cathode , y i 
and y p are the Townsend coefficients for electrons e1T.itted from the cathode 
due to ion bombardment and photon bombardment respectively, dis the distance 
between the cathode and the anode and a(x,t) is a f utction that defines the 
number of photons per unit distance created in an avalanche by an electron. 
The value of a(x,t) is determined from E(x,t) in much the same manner as is 
a(x ,t). Yi' Yp and dare constants that characterize the discharge . 
Since ions are not allowed to be emitted by the anode a fur t her 
boundary condition is: 
13 
j.(d,t) = 0 
1 
(2.5) 
To determine the boundary conditions for E(x,t), we must use 
Kirkhoff's voltage law and sum around the loop shown in Figure 2.1 that 
includes the plasma display cell and the applied voltage source (sustainer). 
The loop equation is 
d x' 
V =EL+ EL+ Ed+ !LE f J (n -n.) dxdx' 
s c a o O ~ 0 e 1 
(2.6) 
where E and E are the fields in the dielectric layers at the cathode and 
C a 
the anode,£ is the thickness of these dielectric layers, q is the charge of 
the electron, and E is the field in the gas volume at X=O. To find the 
0 
values of the fields in the dielectric, E and E , one must know the value 
C a 
of the charges Q
0 
and Qd at the dielectric gas interfaces. From the standard 
electric field boundary conditions one gets 
E E - E 
Qo 
= r C 0 Eo 
and Ed - E E 
Qd 
= E r a 
0 
where E is the relative dielectric constant of the dielectric layers and 
r 
Ed is the electric field in the gas volume at X=d. 
The charges Q
0 
and Qd are obtained by integrating all currents 
flowing into and out of the cathode and anode. 
(2.7) 
(2.8) 
For initial conditions one must specify n (x,O), n.(x,O), Q (t=O), 
e 1 o 
The sustain voltage V is the desired function of time. 
s 
14 
Eo. Er 
+ 
Eo + 
x=o x=d 
CP-946 
Figure 2.1. Cell geometry used in one dimensional computer simu lation. 
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The gas parameters are those given by Ward [8]. The dependence 
of~, V, and V. on the E field is 
e l. 
1 
~ = pA exp[-B(p/E)2] (2.9) . 
where pis the gas pressure and A and Bare constants characteristic of 
the gas. Also, 
µ, . E 
V = 
e p 
whereµ,_ is the electron mobility, For ions, 
µ, E 
_ CE) 
vi = :...±-... (1 E/p ~ w1 p p ' 
1 
k E2 
(l _ DE-3/2p3/2), V. = + ]. p2 
(2.10) 
(2. n a) 
E/p > w1 (2.11 b) 
whereµ,, k, C, D, and w1 are constants characteristic of the gas. Ward [8] + + 
gives values of these constants for various gases. Pure Ne was used and 
has the following constants : 
A 8.2 -1 -1 = cm torr 
1 1 1 
B = 17.0 volt2 cm-2 torr-2 
-3 -1 C = 6 x 10 torr cm volt 
D = 41.98 volt312 cm-312 torr-312 
6 2 -1 -1 µ,_ = 10 cm torr volt sec 
2.9 X 103 2 -1 -1 µ, + = cm torr volt sec 
104 3/2 
1 1 
-1 k = 1.7 X cm torr2 volt-2 sec 
+ 
Wl = 35 volt cm -1 torr - 1 
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In finite difference calculations, each iteration produces a 
solution advanced by a time increment 6t. This value is chosen from a 
convergence criteria [12]: 
~t < maxlV (x,t)I (2.12) 
uX e x 
where D.X is the distance between mesh points. This relation simply states 
that one must calculate the next iteration before the fastest electrons have 
time to· get from one mesh point to the next . Failure to obey (2~12) causes 
the calculation to blow up. For 30 mesh points across the discharge gap used 
here and for typical plasma panel conditions, 6t is about 10 ps. Thus for 
1 µs of plasma panel data, the following sequence is iterated 105 times. 
1. 
2. 
3. 
Given the initial values of Q
0
, Qd, V (t), 
s 
E (x, t) for a ll x from (2.3), (2. 6) , (2. 7), 
Calculate V (x,t) 
µ_ 
= - E(x,t) for a ll x. e p 
Calculate j (x , t) = V (x, t) n (x, t) for all e e e 
4. Calculate V.(x,t) for all x from (2.11). 
l. 
5. Calculate j. (x,t) 
1 
n. (:x:, t) 
l. 
for all x. 
0.9 . D.X 6. Determine D.t = 
maxlv (x,t)l 
e X 
7. Calculate t = t + D.t. 
n (x,t), n.(x,t), calculate 
e i 
and (2.8). 
x. 
8. Calculate n (x, t) from a difference equation derived from (2.1) with the 
e 
aid of (2.4) for all x. 
9. Calculate n.(x,t) from a difference equation derived from (2 . 2). 
l. 
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11. Return to step 1. 
A number of different panel geometries, gases, and glass surface 
coefficients were used in these studies. However most of the calculations 
were performed on one set of conditions in order to fully understand the 
effects of voltage waveform and gas pressure on the discharge properties. 
The one dimensional panel geometry was chosen to conform approximately with 
Owens-Illinois Digivue Panels [ 1 ]. Referring to Figure 2.1, 
and 
d = .015 cm 
t = .0025 cm 
E = 14. 
r 
Equation (2.9) with constants for pure neon was consistently 
used. It is well known that the typical gas mixture used in plasma panels 
is neon plus small admixtures of other ine~t gases. In this model, the 
complication of the additional ion species introduced by the admixed gases 
was not desired. Thus the single gas data was used without complications 
such as the Penning effect. 
The properties of the glass surfa ce are very important to the 
operation of this device. However , very little is known about how glass 
dielectrics behave as gas discharge cathodes . The two physical effects 
included in the calculational technique by means of equation (2.4) are 
ejection of electrons from the glass by i on and by photon bombardment . 
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From experiments performed by this author, the ion effect is believed to be 
stronger. Thus, for simplicity, the photon effect was assumed to be negli-
gible. In the calculations presented here 
and 
yi = 0.16 
= 0 
Thus the third term in equation {2.4) was not calculated. The small 
external current needed· to initiate discharge activity was usually arbitrarily 
chosen at about 
-8 -2 j
0 
= 10 Amps • cm 
All sustain voltage rise and fall times were set at 100 ns. One 
half sustain period was typically set at 3 µsec. This is shorter than the 
10 µs half period used in typical panels and was arrived at in an effort to 
reduce the CPU time per discharge. It is justified since only qualitative 
results are desired for this model. 
A series of discharges was initiated with the desired value of 
wall charge and zero charge in the volume. The ~ustain voltage was then 
applied so as to give the proper electric field polarity. When the 
electric field reversed due to the fall of the sustain pulse, the problem 
was inverted in space so that the electric field would again have the 
original polarity. In this way long series of discharges could be run with 
the remaining wall charge, ion densities and electron densities of the last 
discharge automatically becoming the initial conditions of the present 
discharge. 
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A key feature of this calculational effort was the use of a PLATO 
terminal having a plasma display panel to present the results. More effort 
was spent in writing programs for displaying the information that was spent 
for programming the calculational routines. Figure 2.2 shows the options 
page in the PLATO lesson that is used to display the calculated data. Cal-
culations are usually performed on a particular discharge sequence for a 
few days and stored on disk. Then the results are interpreted by viewing 
the various display options labeled in Figure 2.2. The ability to quickly 
review any portion of the calculated data in virtually any form desired has 
eliminated the many tedious aspects of data collection. Thus much more 
data can be reviewed and the patterns in the solution can be more easily 
and quickly recognized. Most of the results and understandings achieved 
through these calculations would not have been realized without these 
displays. When a human is forced to sift through reams of computer printout 
to get the numbers he wishes to plot in order to get the achieved results, 
the tendency will usually be to examine only a small amount of the data . 
Thus the effort spent on these displays was we ll wort h it. 
Most of the data presented here is taken directly off of the 
pla sma display panel. Data is plotted as functions of both space and time. 
Although data was calculated for 30 points in space and for about every 
10-ll seconds in time, it is impractical to store and display all of this 
data. Usually only 15 points in space and time steps of 10-7 seconds were 
displayed. In some cases, where the data changes abruptly~ this can cause 
significant errors, but most of the time it worked quite well. Straight 
lines were drawn between all of the plotted points which usually gave a smooth 
curve appearance in all cases except those where changes occurred abruptly. 
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1 Common Variables 
2 J ( t ) - - Current Den:=:. it;/ 
3 ()_ (t) a.nd 0 .-. (t ) - - Lda. 11 Charges 
- ,::t. ···~ 
4 E (x, t) -- Electri c Field::=:, 
5 q+ (x, t) 
6 q_ (x , t) 
- - Pos iti ve I o n Charge Density 
-- Electron Charge Density 
7 J (~) vs (Q _ (~) -Q_(~)) - - I-V Characteristic 
·,::t. . -c 
8 Cell Wall Voltage and Cell Applied Voltage 
9 Log (J (t ) ) - - Log of c:urrent Density 
a j_(x,t) -- Elecitron Current Density 
b Log (abs( j_ (x,t))) 
c j + (x, t) --- Ion Current Den:=:, it './ 
d Log (,=.b::=:. (j + (x, t ··1 ) ) 
e Light 
f Log (Li ght) 
g T ra.ri:::, fer curve 
h _p. (t ) 
1 1 og (E (x, t )") 
Figure 2.2. Option page seen on PLATO terminal, used for 
selecting displays of computer s imulation data. 
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2.4 Characterization of a Typical Discharge 
There are, in general, two classes of results obtained from these 
calculations. The first is an estimation of the magnitudes of variables 
such as electron and ion densities, electric field intensities, and wall 
charges. Since these quantities have not been measured, these calculations 
can provide considerable insight into their magµitudes. The results presented 
by all previous authors mentioned above fit into this category. The second 
class of results attempts to explain the electrical characteristics of the 
panel in terms of the si~ple Townsend gas discharge theory. Central to 
these results is the question of why this device has memory. There has been 
no complete explanation of this question to date. The results of these 
calculations have shown the existence of two memory mechanisms in AC plasma 
display panels. This will be discussed in Chapter 3. 
In this chapter, a typical discharge has been selected from a long 
stable sequence that has been shown to be operating within the bi-stable 
region. A square wave sustain voltage is applied. The pressure is 500 torr. 
Figure 2.3 shows the discharge current and applied sustain voltage. Discharge 
currents typicalJ.y peak at~ l A/cm2 which is close to experimentally 
measured values. Figure 2.4 shows the wall charge as a function of the same 
time interval. The charge for both the anode and the cathode are shown 
since they are typically not equal during the discharge. It should be 
remembered that these calculations solve only the one dimensional problem 
2 2 so that the units of current and charge should be A/cm, and C/cm. More 
useful to the device engineers is the plot of wall voltage and sustain 
voltage shown in Figure 2.5. The wall voltage is similar to, and directly 
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Current Density ( x 1 • 46 A/ cm2) 
Figure 2 . 3. Discharge current and applied sustain voltage as a 
function of time for a typical discharge. Each 
vertical division is scaled at 1.46 A/cm2 and 100 
volts. The horizontal divisions are 100 ns . 
2 . .0.0 
1 • .0.0 
-1 • .0.0 
-2 . .0.0 
Figure 2.4. 
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Wall charge for both the cathode and the anode. The 
vertical scale is 1 . 67 x l0-8 C/crn2 . Horizontal 
scale is the same as in Figure 2.3 . 
24 
-2.88 
Figure 2 . 5. Wall voltage and sustain voltage component. The distance 
between these two curves .represents the voltage across the 
gas . Vertical scale i s 100 volts per division . The 
horizontal is 100 us/division. 
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calculated from, the wall charge shown in Figure 2.4. The wall voltage 
typically does not rise to much greater than 70% of the sustain voltage as 
shown in Figure 2.5. 
The data presented in the last three figures is qualitatively 
identical to all data presented by other authors. There is a sharp departure 
between these calculations and those of others with respect to the electron 
and ion densities, and electric fields shown in Figures 2.6 through 2.11. 
These figures show these three quantities as functions of space and time. 
The distance between the cathode and the anode is plotted along the horizontal 
axis. In these figures the cathode is on the left. Time should be plotted 
on a third axis, which on these figures is normal to the paper. Thus the 
various lines in these figures represent solutions for succeeding time steps. 
The solutions are labeled with sequence numbers that increase as time 
advances. Sequence number 1 corresponds to time zero in Figures 2.3, 2.4 
and 2.5. Figures 2.6, 2.7 and 2.8 show data from time zero to the peak of 
the discharge current seen in Figure 2.3. Each curve is separated by a time 
step of 10 ns. Figures 2.9, 2.10 and 2.11 show the decay of the discharge 
starting from the current peak. For this data the time step is 33.3 ns. I t 
should be remembered that some of the effects seen in these figures, where 
the values change abruptly in space, are due to the fact that only 15 spatial 
points are actually presented and straight lines connect all of these point s. 
Of major significance is the fact that the electron and ion 
densities grow to the peak value of about 10-6 C/cm3 • At the peak of the 
discharge, the gap is almost completely filled with ions and electrons of 
equal density. The field in this region is also very small. Thus the 
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- C" 
'~1.0' -' Elec t n:,n Charg e Dens ity (,. rn·- 1111 C/ cm3.) F.1 
Figure 2.6. Electron charge density for space and time during the growth 
of the discharge shown in Figure 2 . 3. The vertical scale is a 
log scale with the origin corresponding to 10-lO C/cm3 . Thus 
the points along the 104 scale mark correspond to 10-6 C/cm3. 
The horizontal scale is the space between the cathode and 
anode. The cathode is on the left . This density is plotted 
as time advances for every 10 ns . 
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Figure 2 . 7 . Positive ion charge density as a function of space and time 
during the discharge growth . The scale is the same as used 
in Figure 2 . 6 . 
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Electri c Fi e l d(-. 1.fffJ• IJj'5 v o lts.'crn) f t 
\ 
19 
\ 
~ra \ '---
17 ___,'-~ 
Figure 2 . 8. 
-----
Electric fie ld as a function of space and time for the 
discharge growth. The vertical scale is 105 V/cm per 
division. The horizontal scale is the same as that 
of Figure 2.6 . 
., 
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Ele::tron Charge Density ( ~ Hc 1ff C/ c m3) 
Figure 2. 9. Electron char ge density as a function of s pace and time for 
the decay of the discharge shown in Figure 2.3. The scale 
is the same as in Figure 2 . 6. The time step between curves 
is 33.3 ns . 
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Figure 2.10. Positive ion charge density for space and time during the 
discharge decay. The scale is the same as for Figure 2.9. 
2. fif:f 
\ 
\, 
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Ele,:tri-:: Field (:~ l ,ff.@,.;1£1 5 volt:s/crn) 8 
Figure 2.11. Electric field as a function of space and time 
for the discharge decay. The scale is the same 
as for Figure 2.8. The time step between 
curves is 33.3 ns. 
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electron and ion densities are so great that they cancel out the field. With 
no field to push them out, they are trapped in the volume. This is a plasma 
in the strict sense that the Debye length is much shorter than the size of the 
-6 3 
container. For the density of 10 C/cm the Debye length is smaller than 
1 µm for an electron temperature of 1000°K. Since the spacing between the 
cathode and anode is 150 µm, it is safe to say that this is indeed a plasma. 
The growth of the discharge to a plasma shown in Figure 2.6 is 
typical of most discharges studied here. In the early stages, the electrons 
grow across the gap in an exponential fashion. The ions, which move much 
slower than the electrons, initially grow to greater densities than the 
electrons and significantly distort the field. The electrons then try to 
neutralize the field set up by the ions until the plasma fully develops near 
the peak of the discharge activity. The discharge current then dies down as 
the wall charge accumulates and the field in the cathode region diminishes; 
however, the plasma remains. Ordinarily such plasmas decay by ambipolar 
diffusion and by electron-ion recombination. Neither of these effects was 
included in these calculations, however Ward [10] has shown that a small 
amount of diffusion is implicit in the calculational technique . Thus this 
could account for the slow decay seen in Figure 2.9. A general rule observed 
in th~se calculations is that the greater the"pl~sma density, the slower 
this decay becomes . In some discharges, no evidence of decay is seen even 
after 3 ~sec. In others the plasma lasts for only a few hundred nanoseconds. 
However, there is typically plasma left in the volume near the anode for at 
least 2 µsand usually until the end of the discharge cycle of 3 µs. The 
existence of this very strong, long lived plasma was not shown by any of the 
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previous authors and is thought to be one of the very significant results of 
these calculations. In later chapters of this thesis, experimental results 
are presented that confirm the existence of this plasma. 
It is interesting to note from the data in Figure 2.8 that the peak 
field at the cathode is 2 x 105 V/cm. This is typical for the discharges 
studied here. This is a strong enough field so that field emission might be 
considered an important mechanism for electron ejection out of the cathode [16] . 
This might be especially important if the glass cathode has small protrusions 
or is rough so that the field in these areas would be especially high .[6]. 
Figure 2.12 shows the log of the current shown in Figure 2. 3. 
Another type of current growth seen frequently in other discharges is shown 
in Figure 2·.13 . This data clearly shows that the discharge current grows 
exponentially soon after the application of the sustain voltage pulse. This 
exponential growth continues until field distortion becomes important. The 
The field distortion typically causes the current to increase faster than 
the previous exponential growth until the effects of wall charge set in and 
cause the current to decrease in intensity. The explanation of why the 
discharge current increases at a faster rate shortly before the peak of the 
discharge can be seen by looking at the quantity 
µ, = yi (exp(01d)-l). (2 . 13) 
This is defined as the number of secondary electrons ejected from the cathode 
for every initial single electron that starts from the cathode and causes an 
avalanche [17] . This quantity is very important to Townsend discharge theory 
since the voltage whereµ,= 1 defines the threshold for a self-sustained gas 
1. .0 
Figure 2.12. 
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Current Density (x 2. 92 A/cm2) 
Log of discharge current shown in Figure 2.3. The vertical 
scale division marked 1.0 corresponds to 2. 92 A/cm2 . The 
applied sustain voltage is seen in the lower curve. The 
time scale is the same as in Figure 2.3. The small 
oscillations seen in the current decay are due to error 
in the calculational technique. 
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-1 A 2) Current Density (• 2.95•1Z /c 
Figure 2.13 . Log of discharge current showing the behavior seen in many 
discharges. The vertical scale division marked 1.0 
corresponds to .295 A/cm2 . The total horizontal time 
span is 1. 5 µ s . 
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discharge. It can be shown analytically that ifµ is a constant greater than 
one, and no field distortion is present, the discharge current will grow 
exponentially [18]. This theory explains completely the early exponential 
growth of the discharge current shown in Figure 2 . 13 . When field distortion 
sets in, the situation becomes more complicated. The Townsend coefficient 
a, which is a constant in equation (2.13), now becomes a function of x and t . 
Thus the following equation must be used in place of (2 . 13). 
µ(t) = yiExp~dc,(x,t)dx] -~ (2.14) 
In this case a(x,t) is found from equation (2.9) and the value of E(x,t). 
Figure 2. 14 shows a plot of µ(t) for the discharge shown in Figure 2.13 . In 
the early exponential growth stages of the discharge,µ is nearly constant . 
However, as field distortion sets in, the field becomes larger near the cathode 
and smaller near the anode. If conditions are right, this will causeµ to 
increase . Since more secondary electrons are now returning for every primary 
electron, the discharge current grows faster as shown in Figure 2. 13. Finally 
the effects of wall charge decreaseµ to a very low value and the discharge 
extinguishes. More will be said about the conditions necessary forµ to 
increase as shown in Figure 2.14 in Chapter 3, : since this effect is closely 
tied to one of the memory mechanisms found in the plasma display panel. 
The plot of µ(t) for the discharge of Figures 2. 3 through 2 . 12 is 
shown in Figure 2.15. It shows a peak very similar to that in the discharge 
of Figures 2.13 and 2.14. The difference in these two discharges is that in 
Figure 2.12, the initial current is large due to the large number of ions 
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1..0' )I (t) (• 2, 4.0') 
• 8 
• 6 
. 4 
• 2 
Figure 2.14. The value ofµ (t) for the discharge shown in Figure 2.13. 
The vertical scale mark of 1.0 corresponds toµ= 2.40. 
The time scale is the same as in Figure 2.13. 
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1..0 
• -4 
Figure 2.15. The value of µ(t) for the discharge shown in Figures · 2.3 
through 2.12. The vertical scale mark of 1.0 corresponds 
to µ = 13.3. The applied sustain voltage is also shown. 
The time scale is the same as in Figure 2.3. 
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left from the previous discharge. These ions are seen in Figure 2.7. The 
discharge of Figure 2.13 has a much lower initial number of ions, and thus 
it grows exponentially until field distortion sets in. The effects of field 
distortion are seen almost irmnediately in the data of Figure 2.12. 
A very interesting quantity to observe is the light emitted from 
the discharge as a function of space and time. This light output can be 
approximated by the quantity a(x,t)•j (x,t), which is the number of electron 
e 
ion pairs created at a given place and time. Since a•j is generally a 
e 
measure of discharge activity, it should be very nearly proportional to the 
actual light output. Figure 2.16 shows a log plot of this quantity for the 
discharge of Figure 2.3. The sequence is the same as in Figures 2.6, 2.7 and 
2.8, showing the activity up to the discharge current peak. The light output 
increases exponentially in space for the early periods of the discharge. 
This is due to the expected growth of the avalanches. However, as field 
distortion sets in, a light wave grows out of the anode and moves toward the 
cathode where the most intense light is emitted. This light behavior has 
been experimentally measured by Anderson [19] in plasma display cells having 
large gap spacings. He noticed that these light waves trave led toward the 
cathode at a velocity of~ 7 x 105 cm/sec. The waves shown here travel at 
5 
~ 2 x 10 cm/sec. This is a reasonable qualitative agreement since the 
geometries, gas mixture and sustain voltage of the two cases are vastly 
different. 
Anderson also showed a light pulse that occurs near the anode a t 
the same time as the peak occurs at the cathode. This peak near the anode is 
clearly shown in periods 18 and 19 of Figure 2.16. The reason for this peak 
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Figure 2.16. Discharge activity described by the quantity a(x ,t)•je(x,t) . 
This quantity is approximately proportional to the light 
output. The horizontal scale is the space between the 
cathode and anode and is the same as in Figure 2.6. The 
vertical scale is the log of the intensity with the 1.0 
scale mark equal to 2.37 x 103 A/cm3. The time step is 10 ns. 
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can be seen by analyzing the electric field near the anode region. Because 
the plasma is in this region, a linear electric field plot such as shown in 
Figure 2~8 shows the field to be almost zero. In order to see the field 
variation more clearly, a log plot of the field is shown in Figure 2.17. From 
this it is clearly seen that the field near the anode is considerably greater 
than the field near the center of the cell. The higher E means a higher a 
in the anode region. Since the current through the plasma is nearly constant 
as a function of space, it seems reasonable that a•j should be larger near 
e 
the anode than near the center of the cell. 
Other quantities of interest are the current densities j (x,t) and 
e 
j.(x,t) shown in Figures 2.18 through 2.21. As in the previous figures, 
l. 
Figures 2.18 and 2.19 represent the growth of the discharge to the current 
peak, and Figures 2.20 and 2.21 represent the decay. In the early stages 
the growth of j is exponential in space just as in the electron and ion 
e 
density displays. After field distortion sets in, the ion current is pre-
dominant in the high field region and the electron current is predominant 
in the plasma region. As in a DC cathode glow, the density of the ,. ions 
at the cathode is much greater than the density of the electrons, so that 
only the ions contribute significantly to the current. In the plasma 
region, the electron and ion densities are equal, so that the electrons 
contribute most significantly because of their much greater velocity. 
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Figur e 2 .17 . Log of the electric field intens ity as a function of space 
and time. This i s t he same data as seen in Fi gure 2.8. 
The vertical sca l e mark of 1 .0 corresponds to 1. 98 x 105 
V/cm. The horizontal scal e is s pace and the t ime step is 10 ns. 
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Figure 2.19. 
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Ion Den:;;,ity (~ 2 . 2r=, A/ crn2) 11 
Log of ion 
discharge. 
2.26 A/cm2. 
\. 
current density, j .(x,t), for the growth of the 
The vertical seal~ mark of 1.0 corresponds to 
The horizontal scale is space and the time 
step is 10 ns. 
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Figure 2.18. Log of electron current density, je(x,t), for the growth of 
the disch~rge. The vertical scale mark of 1.0 corresponds to 
3.34 A/cm. The horizontal scale i s space and the time step 
is 10 ns. 
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Figure 2.20 . Log of electron current density for the decay of the 
discharge. The scale is the same as for Figure 2. 18. 
The time step is 33.3 ns. 
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Figure 2 . 21. Log of the ion current density for the decay of the discharge. 
The scale is the same as for Fi gure 2 . 19. The time step is 
33 . 3 ns. 
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CHAPTER 3 
THE EFFECTS OF PRESSURE AND SUSTAIN WAVEFORM 
ON THE CHARGE TRANSFER CURVE AND MEMORY 
3.1 Introduction 
In this section the computer calculations are used to gain infor-
mation about what parameters effect the important electrical characteristics 
of the AC plasma display cell. A central theme of this part is the question 
"why does this device exhibit memory?" This question has not been completely 
answered by other researchers. There exists a theory that states that the 
cell will have memory if the gas discharge exhibits certain characteristics. 
However, the explanation, based on gas discharge physics, of why the discharge 
exhibits the necessary characteristics has never been presented. The results 
of these calculations have shown the existence of two memory mechanisms, One 
varies strongly on the sustain voltage waveform and the other varies strongly 
with the gas pressure. 
3.2 Basic Charge Transfer Curve Theory 
To start this discussion, one must understand the results of the 
basic stability theory for this device, originally formulated by Arora and 
Slottow [20] and later revised by Slottow and Petty [21]. To determine the 
electrical characteristics of the cell, one can construct a characteristic 
curve for the device called a charge transfer curve , This curve plots the 
response, t,V, or change ." in wall voltage for a discharge as a function of 
w 
the driving force, V, which is the total voltage across the gas at the 
C 
beginning of the discharge. V is commonly referred to as the cell voltage. 
C 
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Figure 3 . 1 shows these voltages for a stable series of discharges. A typical 
shape for the charge transfer curve is shown in Figure 3.2. The threshold 
properties of the gas discharge exhibit themselves by the fact that V must 
C 
be above a threshold value before 6V becomes greater than zero. The slope= 1 
w 
line drawn through the origin sets a limit to the excursion of the charge 
transfer curve. Since ~V must be less than V, the line 6V = V sets the 
W C W C 
limit and de fines the case in which the wall charge completely cancels out 
the electric field across the gas volume imposed by the applied sustain 
voltage. 
A stable sequence of discharges, such as shown in Figure 3 . 1, would 
operate at one point on the cµrve of Figure 3 . 2, since for each discharge, 
6V and V are the same as their respective _values of the previous discharges. 
W C 
The theory states that there are stable and unstable regions of the charge 
transfer curve. In a stable region, if, for whatever reason, a discharge is 
stronger or weaker than the average equilibrium discharge intensity, then the 
following discharges will adjust their intensity to compensate for this 
perturbation and force the sequence back to the equilibrium point on the 
transfer curve. However, in an unstable region, the discharges following a 
small perturbation would act to drive the discharge sequence away from the 
original equilibrium point until the sequence finds a new equilibrium point 
on a stable region of the transfer curve. 
The theory further states that stable regions of the curve will 
~ave a slope less than 2, and unstable regions will have a slope greater 
than 2. Thus for the curve in Figure 3.2 , as V increases, there is a stable 
C 
region where 6Vw is very small. A further increase in V pushes the sequence 
C 
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Wall Voltage 
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!),, Vw Ve 
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Sustain Voltage CP - 94 5 
Figure 3.1. Sustain voltage and wall voltage for a cell in the on state. 
Ve is the initial voltage across the gas and ~V is the 
w 
change in -wall voltage due to the discharge. 
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!Nw 
Ve 
CP-9~ 
Figure 3.2. A typical wall charge transfer curve showing the total 
change in wall voltage as a function of the initial 
voltage across the gas. 
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into an unstable region having intermediate values of 6V. As V becomes 
W C 
high, a stable region is entered. Thus there are two stable regions separated 
by one unstable region. The lower stable region corresponds to an off cell 
and the upper stable region corresponds to an on cell . The unstable region 
serves the very important purpose of separating the two stable regions . If 
there is no unstable region, then the two stable regions merge into one. 
With only one stable region the ce ll will not exhibit any memory effects, since 
there is only one possible stable state for any possible sustain voltage. 
Thus it is clear that to obtain memory in a plasma display cell, the charge 
transfer curve must have a region where the slope is greater than 2. 
Once the shape of the charge transfer curve is known one can easily 
find such parameters as the firing voltage and minimum sustain voltage by a 
simple construction shown in Figure 3 . 3. A straight line intersecting the 
V axis at the value of the applied sustain voltage V and having a slope of 
C S 
2 will intersect the charge transfer curve at all possible operating points . 
Figure 3 . 3 shows that three possible operating points exist for the value 
of sustain voltage V. Two of these points are stable and correspond to the 
s 
on and off states and the third operating point is unstable. If V is lowered 
s 
in value so that the slope 2 line becomes tangent to the upper part of the 
charge transfer curve, then any further decrease in V would allow the cell 
s 
to operate a_t only one point- the off state. This is defined as the minimum 
sustain voltage or V and is shown in Figure 3.3. Similarly if V is 
smin s 
raised to a point where the slope 2 line is tangent to the lower part of the 
curve, one defines the firing voltage or V 
s 
max 
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Figure 3.3. Charge transfer curve showing various slope= 2 lines that 
define the operating points of a discharge sequence. From 
these constructions one can find the minimum sustaining 
voltage, V , and the firing voltage, V 
smin smax 
53 
3.3 Charge Transfer Curve Calculations 
The charge transfer curve serves as a very useful characteristic 
curve for this device which can explain some of its important electrical 
characteristics. The above review of the stability theory does not tell the 
complete story. There has never been an explanation of the shape of the 
charge transfer curve in terms of basic gas discharge physics. Fortunately, 
nature does provide devices with charge transfer curves having regions of 
slope greater than 2. Without this there would be no memory and perhaps no 
one would be interested in AC plasma display panels. All configurations of 
sustain voltage waveforms, gas mixtures, and cell geometries have not 
produced memory effects. However, through tedious empirical efforts, various 
manufacturers have found the configurations that work best for them in giving 
the greatest memory margins. Since the shape of the charge transfer curve is 
so important in determining the electronic characteristic of the device, and 
since such little is known about how it behaves as a function of various 
parameters, it was decided to devote the major part of the CPU time available 
to calculating the charge transfer curve for various situations. 
Unfortunately, the calculations of charge transfer curves take a 
very large amount of CPU time, usually about 50 hours per curve. The basic 
reason for this is that one discharge gives only one point along the charge 
transfer curve . Thus a long series of discharges is necessary to get the 
complete shape of the curve. 
There are a number of problems associated with getting useful 
charge transfer curves. One major problem is that one starts with poor 
knowledge of what the curve looks like and thus it is difficult to determine 
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what initial sustain voltage should be used. In the lab it is easy to 
increase the sustain voltage until the cell fires, but here, one must choose 
a voltage and then compute a few cycles to see if it looks like the discharge 
series will travel along the charge transfer curve in a way that will give 
information about the curve. Many of these trials give very uninteresting 
results that do nothing but eat up valuable CPU time. However in the later 
stages of this study, a good model of the properties of the charge transfer 
curve was achieved so that very little trial and error was needed. The 
proper sustain voltage could quite often be chosen within a few volts to 
give the desired curve. 
Inspite of this limitation, charge transfer curves were constructed 
from discharge sequences having various physical conditions. In this study 
only three things were varied, and they are: 
1. The sustain voltage waveform, shape, and amplitude. 
2. The gas pressure. 
3. The effects of field distortion. 
In the first two cases, the variables are ones commonly changed in the 
laboratory in order to achieve the best memory margins. Inthe t hird case, 
the effects of the ions and electrons on the value of the electric field in 
the volume were either turned on or turned off . Since Maxwell's equations 
do not allow one to experimentally turn off the effects of charged species 
on the electric field value, these calculations can give insight on how 
field distortion effects the shape cf the charge transfer curve in ways not 
possible experimentall y. 
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The results will be presented in a logical order that resulted 
from a total understanding of the effects of the variables. Four cases 
will be discussed covering the combinations of 2 types of sustain waveform 
and the presence or absence cif field distortion. For each case the effects 
of gas pressure and sustain voltage amplitude will be thoroughly covered. 
3.3.1 Case of Square Wave Sustainer with No Field Distortion 
The simplest cases to study are those in which field distortion is 
turned off. Also, the square wave sustain waveform offers the simplest 
choice. Charge transfer curves were obtained for various gas pressures. 
Figure 3.4 shows the growth of a discharge sequence by displaying the applied 
sustain voltage and the resulting wall voltage. Figure 3.5 shows the same 
variables for a discharge sequence that is dying out to the off state. 
Discharge sequences that are either growing or dying can be used to give the 
desired shape of a charge transfer curve. 
Figure 3.6 shows 4 charge transfer curves, with the parameter being 
the gas pressure. These curves all have an astonishing regularity. They all 
have slopes very close to 2 for nearly their entire excursion. They all 
appear to be nearly straight lines. All of these curves seem to intersect 
the V axis at the value of the de breakdown voltage, which is marked on 
C 
Figure 3.6 . This breakdown voltage is determined from equations (2.13) and 
(2.9), and the condition thatµ; 1. The high end of the transfer curves 
seems to run directly into the slope; 1 line and will continue to follow 
this line if the sustain voltage is great enough. 
The results of Figure 3.6 seem so predictable that one could 
probably find an analytical mathematical solution to this behavior. Since 
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Figure 3.4. Applied sustain voltage and resulting wall voltage for a 
growing sequence of discharges . The ver tical scale factor 
i s 110 volts . Each sustain half cycle lasts 3 µsec . The 
gas pressure was 700 torr and the effects of field 
distortion were neglected. 
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Figure 3.6. Ca l culated cha r ge transfer cur ves for 4 differ ent gas 
pressures. The sustain waveform was a square wave 
and electric f i eld dis tortion was neglected. 
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field distortion is turned off for these results, it does not pose an obstacle 
to an analytical solution. The fact that all four curves have a slope of 2 
is the same as saying that if V is V volts above theµ= 1 voltage before 
C X 
the discharge, then the final cell voltage will be V volts below theµ= 1 
X 
voltage. Or similarly, ~V = 2V. 
W X 
It is not clear why this relationship 
should hold; however, some good analytical work should provide some answers . 
From Figure 3.6 it is clear that panels operating with these wall 
charge transfer curves would not exhibit any memory characteristics. If the 
sustain voltage is above theµ= 1 voltage, then the discharge series will 
grow until it hits the slope= 1 line. If the sustain voltage is below the 
µ = 1 voltage, the discharge series will eventually extinguish itself. Thus 
the case of a square wave and no field distortion would not be of practical 
interest to the experimenter. It does, however, serve as a theoretical base 
for the cases that follow. 
3.3 . 2 Case of Non-Square Wave Sustainer without Field Distortion 
Figure 3.7 shows a series of discharges taken at p = 500 torr 
with no field distortion and with a non-square wave sustain waveform. The 
sustain wave had the shape shown in Figure 3.8 . This shape is typical of 
that used in many commerical plasma display panels [22]. As seen in Figure 
3.7, this discharge sequence matured rather abruptly to very strong discharges, 
thus leaving large gaps in the plot of the charge transfer curve shown in 
Figure 3.9. To rectify this situation, the sustain voltage was slowly lowered 
until a sustain voltage was found where the discharge sequence died out as 
shown in Figure 3.10. The charge transfer curve for both the increasing 
sequence and the decreasing sequence is found in Figure 3.11. 
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Figure 3.7. Sustain voltage and wall voltage for a growing series of 
discharges. The vertical scale factor is 110 volts. 
Each sustain half cycle is 3 µs, The pressure was 500 
torr. Field distortion is neglected. 
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Figure 3.9. Charge transfer curve plotted from 
the discharge sequence of Figure 3.7. 
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Figure 3.10 . Sustain voltage and wall voltage for a decaying discharge 
sequence. This data is for the same conditions as in 
Figure 3.7, except the sustain voltage amplitude is reduced . 
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Figure 3.11. Charge transfer curve for the data of Figures 3.7 and 3.10. 
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The first thing of interest is the large region with slope greater 
than two near the bottom of the curve. This is a charge transfer curve that 
will exhibit memory. This shows the existence of the first type of memory 
mechanism to be discussed in this chapter. 
The second point of interest is found in the comparison of the 500 
torr curve from the square wave data shown in Figure 3.6 with the curve in 
Figure 3.11. For convenience these two curves are superimposed in Figure 
3.12. These curves are clearly identical in their mid-regions. However, in 
the lower region there is the significant departure that is the cause for the 
memory effect in the non-square wave data. The cause for this behavior is 
discussed in the next section. 
3,3.2.1 Discussion of Mechanisms Causing the First Memory Effect 
In order to understand the physical causes of this memory mechanism, 
one must first examine the reason why the transfer curves shown in Figure 3.6 
all intersect the V axis at theµ= 1 voltage. This is best explained by 
C 
observing the current growth for sustain voltages near theµ= 1 voltage. 
Figure 3.13 shows the sustain voltage and discharge current for a slowly 
growing discharge sequence in which the initial wall charge was zero. The 
peak sustain voltage is only slightly above theµ= 1 voltage. The current 
is still very weak since the series has just started. After a number of 
discharges following those shown in Figure 3.13, the series develops into a 
very strong on type discharge. 
A better way to observe this current growth is to plot the log of 
the absolute value of the current as shown in Figure 3.14. Here it is seen 
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Figure 3.12. Comparison of the charge transfer curve of 
Figure 3.11 and the 500 torr curve of Figure 3.6. 
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Figure 3.13. Sustain voltage and discharge current for a growing 
discharge sequence,' The vertical scale factors are 
100 volts and 1.2 x 10-3 A/cm2, The gas pressure is 
500 torr. The peak sustain voltage is 233 volts. 
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I. jJ Current Density (, 2.45<1JJ- 3 A/cm 2) 
Figure 3.14. Log of the absolute value of the discharge current shown 
in Figure 3.13. The 1.0 scale point corresponds to 
2.45 x 10-3 A/cm2. The horizontal scale is the same 
as in Figure 3.13. 
69 
that the 2nd, 3rd, and 4th discharges have nearly the same exponential growth 
rate. The 5th and 6th discharges show the effects of wall charge. The 
exponential growth is as predicted by simple Townsend discharge theory [18]. 
What is most interesting is the fact that even though the exponential growth 
is interrupted when the sustainer reverses polarity, the magnitude of the 
reversed current is almost equal to the magnitude of the current before 
reversal. Thus, it seems as if the growth of the magnitude of the current in 
the early stages of the discharge series would be almost identical for both 
the AC case shown in Figure 3.13 and a discharge with a DC voltage of the 
same magnitude. 
The reason for this becomes clear when one considers that for the 
case of a uniform, constant electric field, ·the total discharge current is 
proportional to the electron current at the cathode. For all the cases 
presented in this work, the electron cathode current is due to ejection of 
electrons by ion impact. Thus the total current is proportional to the ion 
density. Observation of the ion density for this discharge sequence shows 
this statement to be true. When the sustain voltage reverses quickly, most 
of the ions created by the previous discharge are not swept out of the volume 
but1simply change direction. After a few ion transit times (200 ns), the ion 
distribution looks the same as before the sustainer reversal, but inverted 
in space. Thus, since ions have a low velocity, the sustain reversal does 
not strongly affect their population; thus, the magnitude of the discharge 
current can pick up almost whe.re it left off. 
Since the growth irt the magnitude of the current in the AC discharge 
is almost identical to the current growth in the DC discharge, it is quite 
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reasonable that both cases have the same firing voltage. Thus, all of the 
charge transfer curves shown in Figure 3.6 should intersect theµ= 1 voltage 
on the V axis. Figure 3.15 shows the magnitude of the current for 27 
C 
discharges in which the sustain voltage was three volts lower than the case 
of Figure 3.14. This sequence does not lead to a strong on discharge, and 
would normally be considered off to most observers. The sustain voltage of 
Figure 3.15 is below theµ= 1 voltage, where as that of Figure 3.14 is above. 
Figure 3.16 shows the discharge current for the type of sustain 
waveform that gave the transfer curve in Figure 3.11. The discharge current 
grows nearly exponentially when the sustainer is at 233 volts, but then falls 
abruptly when the sustainer goes to 116.5 volts. The important behavior is 
more clearly seen in the log of the current magnitude shown in Figure 3.17. 
While the sustainer is at 116.5 volts, the current falls to a constant value 
-8 2 
of 10 A/cm. This current is due to the very small cathode current j in 
0 
equation (2.4) that is needed to start the discharge process going. By 
comparing Figures 3.14 and 3.17, one can clearly see that the sustain wave-
. form of Figure 3.8 will not cause the discharge sequence to grow to an on 
state even though the peak sustain voltages for the cases of Figure 3.14 and 
3.17 are both 233 volts. When the sustain voltage falls to 116.5 volts, all 
of the ions are swept out of the volume and are not regenerated, sinceµ<< 1. 
The only remaining current is due to j , as discussed above. Without an 
0 
accumulation of ions from one discharge to the next, the sequence· of Figur e 
3.17 cannot grow as does the one of Figure 3.14. 
The peak sustain voltage was raised to 250 volts, as shown in 
Figure 3.18, and the ions were still swept completely out of the volume 
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Figure 3.15. Log of the absolute value of the discharge current for a 
sequence of 27 discharges. The peak sustain voltage is 
230 volts. Each discharge corresponds to a 3 µs half 
sustain period. The vertical scale mark at 1.0 
corresponds to 5.3 x 10-5 A/cm2. 
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Figure 3.16. Sustain voltage and discharge current for 3 discharges 
having a non-square wave sustain waveform, Other 
conditions are the same as in Figure 3.13. The vertical 
scale factor is 5 x 10-7 A/cm2. Each half cycle is 
3 µs, The peak sustain voltage is 233 volts. 
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Figure 3.17. Log of absolute value of the discharge current shown in 
Figure 3.16. The vertical scale mark of 1.0 corresponds 
to 10-6 A/cm2. The lower curve is the absolute value 
of the sustain voltage plotted on a linear scale. 
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Figure 3.18. Log of absolute value of discharge current with the applied 
peak sustain voltage of 250 volts. The vertical scale mark 
of 1.0 corresponds to 1.37 x 10-5 A/cm2 The lower curve is 
the absolute value of the sustain voltage plotted on a 
linear scale. 
75 
before the next discharge. Figure 3.19 shows similar data with the sustain 
voltage raised to 275 volts. At this voltage,µ= 2.6, and the current grows 
more than 5 orders of magnitude. However, this discharge sequence has 
stabilized in the off state because most of the ions are swept out when the 
sustain voltage is at 137.5 volts. 275 volts . is, however, just below the 
firing voltage with this type of s~stain waveform. 
The wall voltage change in this case is about 1% of the cell 
voltage, V. If AV gets very much larger, it will start to have a signifi-
c w 
cant effect on V for the next discharge and will cause the discharge 
C 
sequence to grow. This greater AV can be achieved by increasing V or by 
w s 
increasing j • The j dependence is due to the fact that the exponential 
0 0 
growth of current initiates from a current value proportional to j
0
• If j
0 
increases by some factor, then the current for the exponential growth period 
increases by that same factor [18]. For the data of Figure 3.19, j = 4 x 10- 9 
0 
2 -9 2 A/cm. This small current was doubled to 8 x 10 A/cm, which is still 
about 8 orders of magnitude smaller than the peak current observed for on 
plasma display cells. The resulting data is shown in Figure 3.20. Doubling 
j caused a doubling of AV for the first discharge. The larger wall 
0 W 
voltage adds to the V for the next discharge. For this sequence, the 
C 
additional wall charge is significant enough to cause a more intense discharge. 
The sequence continues to grow as additional wall charge builds up from 
discharge to discharge. The wall voltage for the sequence shown in Figure 
3.20 is found in Figure 3.7. This is also the same data as used to obtain 
the charge transfer curve found in Figure 3 .11. 
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Figure 3.19. Log of the absolute value of discharge current when the 
peak sustain voltage is 275 volts. The vertical scale 
value of 1.0 corresponds to 4.41 x 10-3 A/cm2. 
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Figure 3.20. Log of the absolute value of the discharge current for the 
conditions of Figure 3.19, but with the value of j 
doubled. The 1.0 scale value corresponds to 1.51 ~ 10-l A/cm2 . 
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To summarize, the above discussion and data has shown that the 
growth of a discharge series depends on both ion accumulation in the volume 
and charge accumulation on the wall. For pure square wave sustainers, both 
ions and wall charge are very important for the determination of the lower 
portion of the charge transfer curves like those in Figure 3.6. If the 
sustainer is changed to look like that in Figure 3.8, the ions will not be 
able to accumulate . With only the wall charge able to accumulate from discharge 
to discharge, the sustain voltage will have to become quite high before 
significant wall charge is collected from cycle to cycle . This is seen in 
Figure 3.12 . Also, with this type waveform, the shape of the lower part of 
the charge transfer curve will be ~trongly dependent on j
0
• 
The upper portions of both transfer curves shown in Figure 3 . 12 are 
nearly equal. This is because only wall charge accumulation is important in 
this region. The value ofµ is so great in this region , that even for very 
small values of j or ion density, the discharge can grow very rapidly and 
0 
be complete before the fall of the sustain pulse. Thus , it makes little 
difference whether or not ions are present from previous discharges. Also, 
since the discharge completes itself very quickly, there is little difference 
between the 3 µs pulse ·of the square wave and the 1.5 µs pulse of the waveform 
in Figure 3.8. However, in the upper regions of the curve near the slope = 1 
line, the short 1 . 5 µs pulse width does make a difference; and the wall 
voltage is reduced by a small discharge after the fall of the sustainer . 
This is seen in Figur~; 3~7 and in the early discharges of Figure 3 . 10. This 
causes the transfer curve to bend over as seen in Figure 3.12 . 
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3.3.3 Case of Square Wave Sustainer with Field Distortion 
All of the above discussions have had the effects of field 
distortion removed. This was done for convenience in order to separate the 
effects due to field distortion from those that are not. In actual plasma 
panels, the field distortion is rather severe, as shown in Figure 2.8. Since 
the charge transfer curve for a square wave is not complicated by the shortage 
of ions, as discussed above, square waves are chosen for the detailed field 
distortion study. 
Figures 3.21, 3.22, 3.23 and 3.24 show the charge transfer curves 
for a series of discharges at 300, 400, 500 and 700 torr. For convenience, 
the curves found in Figure 3.6, having no field distortion, are superimposed 
on those with field distortion. From these figures it is clear that for the 
lower area of the curve, the two cases give the same results. This is 
reasonable since even when field distortion is included in the calculations, 
the weak discharges do not have sufficient ion and electron density to 
distort the field significantly. 
The results in the mid and upper sections do not agree. For low 
pressures the field distorted curve goes to the right of the non-field 
distorted curve. For higher pressures, the field distorted curve goes t o 
the left of the non-field distorted curve. This gives rise to an unstable 
region of the transfer curve; thus, a second memory mechanism is found. 
3.3.3.1 Explanation of Second Memory Mechanism 
This second memory mechanism appears to be very similar in nature 
to the memory effect found in DC discharges. The DC effect is dependent on 
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Figure 3.21. Charge transfer curve for 300 torr pressur~ showing the 
effects of field distortion for a square wave sustainer. 
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Figure 3.22. Charge transfer curve for 400 torr pressure, showing the 
effects of field distortion for a square wave sustainer. 
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Figure 3.23. Charge transfer curve for 500 torr pressure, showing the 
effects of field distortion for a square wave sustainer. 
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Figure 3. 24. Charge transfer curve for 700 torr pressure showing the 
effects of field distortion for a square wave sustainer. 
The field distorted curve is incomplete because the 
following discharge was so intense that the calculation 
blew up, 
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field distortion caused by ions and electrons near the anode to increase the 
electric field near the cathode. If the proper conditions are met, the 
external voltage can be lowered below the initial firing voltage and still 
maintain a discharge. In a sense, the field distortion of the ions and 
electrons at the anode cause the effective anode to move closer to the cathode 
than the real anode. Thus, the discharge gap is effectively shortened. For 
the DC discharge to have memory, the firing voltage of the effectively 
shortened gap must be smaller than the firing voltage of the real gap. The 
firing voltage can be found from the Paschen curve for the discharge calcula-
tions presented in this work which is shown in Figure 3.25. Given the 
pressure of the gas, the firing orµ= 1 voltage can easily be found with 
knowledge of the discharge gap, d. In the DC case, in order for the discharge 
to have memory, the value of d must be large enough so that pd> pd .• If 
min 
this requirement is met, then the shortening of the gap by the ions and 
electrons at the anode will cause the firing voltage to decrease, giving the 
desired memory characteristics. An initial pd value less than pd. will not 
min 
have memory since the firing voltage will increase as d gets smaller. 
In the AC plasma display panel, a similar situation occurs. Ions 
and electrons collect near the anode, as shown in Figures 2.6 and 2.7. If 
the gas is at the proper pressure, the effectively shortened discharge gap 
will causeµ to increase . The higherµ will cause greater discharge activity, 
which will eventually result in greater wall charge transfer . This will 
cause the field distorted transfer curve to veer to the left, as shown in 
Figure 3 . 23. 
V 
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Figure 3.25. Paschen curve for the conditions 
presented in the computer simulation. 
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If pd is too small, then the field shortening of the gap will cause 
µ to decrease and eventually cause less wall charge to be transferred. This 
causes the transfer curve to veer to the right as shown in Figure 3.21. 
The firing voltages for the four pressures used in Figures 3.21 
through 3.24 are marked on Figure 3.25, assuming the gap spacing used in 
these calculations of d = 150 µm. Even though 300 torr is to the right of 
Pd the charge transfer curve still veers to the right as seen in Figure min' 
3.21. The 400 torr curve seems to be just enough pressure to cause a small 
amount of memory. At 500 torr the memory effect is quite strong. Thus the 
apparent requirement for memory is that pd be appreciably greater than pd .• 
min 
How much greater is not clear and will have to be the subject of another 
study. 
The data for 700 torr shown in Figure 3.24 is incomplete since 
the memory effect was very strong causing a very strong discharge to occur. 
This strong discharge caused the calculations to blow up. Thus, only the 
first few points of the transfer curve are available. ~ut clearly, the 
trend of stronger memory effect as the pressure is increased, continues. 
The value of µ(t) is calculated from equation (2.14) with typical 
results previously shown in Figures 2.14 and 2.15. The growth of µ(t) 
following the sustainer rise is due entirely to the effective shortening 
of the discharge gap. 
seen in Figure 2.13. 
This causes the rate of current growth to increase as 
If the initial pd< pd. , then µ(t) does not rise 
min 
following the end of the sustain rise. 
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3.3.4 Case of Non-Square Wave with Field Distortion 
From the discussions above, it seems reasonable to expect the 
transfer curve for this case to act like the non-square wave without field 
distortion for the lower part of the transfer curve. Similarly one would 
expect the upper portion of the curve to act very much like the case of a 
square wave sustainer with field distortion. To test this, a discharge 
sequence was run at 500 torr for this case. The charge transfer curve is 
shown in Figure 3.26 along with the data from Figures 3.11 and 3.23 for 
comparison. It is clearly seen that the above hypothesis is correct for all 
but the very upper part of the transfer curve. In this region, 1.5 µsis not 
sufficient time to collect all wall charge and to allow the plasma to die 
out. Thus, the curve bends over to the right. 
3.4 Comparison of These Results to Those of Others 
Since the work of Lanza [14] is the only one that presented a 
calculated charge transfer curve, it should be interesting to compare the 
two results. To do this, the problem specified by Lanza was set up with 
Ward's calculational technique. This involved changing the gas mixture and 
cell geometry, from those used in all results presented up to this point. 
Lanza used a square wave sustainer and included field distortion. The calcu-
lated charge transfer curve is shown in Figure 3.27. In the lower portion 
of the curve, the slope is equal to 2 and the V intercept is at theµ= 1 
C 
voltage. Since the upper region veers to the right, it seems as if the 
value of pd is less than the pd. on the Paschen curve. Figure 3.28 shows 
min 
the Paschen curve. The value of pd used by Lanza, is indeed much smaller 
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Figure 3.27. Charge transfer curve for the problem specified by 
Lanza [14]. Lanza's published results and those of this 
study are plotted for comparison. 
90 
200.-----.----~----,-----, 
V 100 
50 
0 
I Lanza s 
Operating 
Point 
10 20 30 
Pd (torr · cm) 40 CP-930 
Figure 3.28. Paschen curve for conditions specified by Lanza. 
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than pd . , Thus the case presented by Lanza ,.does:· not have memory, More 
min 
interesting is the fact that from what has been learned in this chapter, 
one could have determined that this case would not have memory before any 
computer calculations had been made, 
Figure 3,27 also shows the charge transfer curve calculated by 
Lanza. An interesting question is., why does his curve have a region of 
slope greater than 2 for a case that does not have memory, The answer lies 
in the method in which he used to calculate his charge transfer curve. He 
did not use a long series of discharges to get points on the curve as was 
done for these calculations. But rather he got his points by applying a 
sustain pulse of varying amplitudes to find the value of AV for each new 
w 
amplitude [23], Since for each new pulse, the initial ion distribution was 
nearly zero, the ion density does not build up from discharge to discharge 
as it should in the case of a square wave sustain sequence, Thus, although 
Lanza presented his curve as for a square wave sustainer, it is more typical 
of the curve for a sustain waveform like that shown in Figure 3.8, where the 
ions are not allowed to build up from discharge to discharge. Thus Lanza's 
data looks like the curve of Figure 3,11 for the lower regions. 
The only other calculational erfort that deals with long series 
of discharges is that of Lay, et al, [13]. They use a non-square wave 
sustainer and do not include the effects of field distortion, They clearly 
show that their discharge sequences do have memory. From what has been 
learned from section 3,3.2, this should be expected. The charge transfer 
curve should look similar to that found in Figure 3.11, Although Lay,et al. 
do not present a charge transfer curve for their data, they do give data on 
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the wall voltages for a growing series of discharges in which the sustain 
voltage was above firing voltage. From this data, it is easy to construct 
the charge transfer curve that is shown in Figure 3.29. Clearly, this 
transfer curve will exhibit memory. It is somewhat similar in shape to the 
curve of Figure 3,11, however a direct comparison cannot be made. There are 
three basic differences between the calculation for these two curves. They 
are the different sustain waveforms used, the different values of y. used, 
i 
and the different treatment of metastables. 
The different sustain waveforms will affect the lower portion of 
the transfer curve, The waveshape for the curve of Figure 3.11 is shown in 
Figure 3,8, Lay, et al. used the wave shape shown in Figure 3,10. The 
important difference is that in one case the sustainer goes to zero for a long 
period, where as for the other case, the sustainer only goes to half the peak 
sustain voltage. When the sustain voltage is zero and there is zero wall 
charge, there will be no field across the gas and thus the ions will not be 
swept out of the gap. Thus for the waveform of Figure 3.30, the ions can 
accumulate from cycle to cycle until the discharge grows strong enough to 
sweep out most of the ions during the period when the sustain voltage. is 
zero. The ions will still be swept out between major sustain pulses by the 
field produced by the wall charge that results from the weak discharge process. 
Thus, a reasonable size discharge must occur each cycle in order to maintain 
the cell in the off state, This small discharge shows up in the data of Lay, 
et al. when the sustain voltage is just below firing voltage, For this off 
condition, they indicate a 6V of more than 30 volts, Results similar to 
w 
these were seen when the calculations used in this study ~ere used with 
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Figure 3.30. Sustain voltage waveshape used in the 
calculations of Lay et al. [13]. 
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return to zero waveforms. This type of waveform causes the slope of the 
transfer curve in the lower regions to be less than two. This is clearly 
seen in Figure 3 •. 29 but is absent in Figure 3.11. Thus, it is better to 
return the sustain pulse to some voltage between the peak voltage and zero. 
This will help the off cells remain in a nondischarging condition. 
The second major difference between the calculation of Lay, et al. 
and those presented here is in the value of y. used. These calculations 
l. 
used a constant Yi= 0.06. However, yi is usually not constant in gas 
discharges because of back diffusion of electrons at the ~athode [24]. This 
usually makes y. a function of E/p at the cathode. Lay, et al. chose 
l. 
y. = 0.0l(E/p) 0•533 • This means that for the upper regions of the trartsfer l. 
curves of Figure 3.27 where V ~ 300, y. ~ .12. In the lower regions of the 
C - 1. -
curve y. = 0.09. This variable, y., should have an effect on the charge 
l. l. 
transfer curve. Although no calculations have been made, it is likely to 
cause transfer curves such as those shown in Figure 3.6 to have a slope 
greater than 2. This is due to the fact that a higher y. in the upper part 
. l. 
of the curve should cause more ~V than the lower y_ for the lower regions 
w l. 
of the curve. Thus, the effects of back diffusion at the cathode could be 
considered a third memory effect. The slope greater than 2 region of the 
curve in Figure 3.29 must be attributed to both the back diffusion effect and 
the effect of having a non-square wave sustainer. The question of how 
important back diffusion is in actual plasma panels is a matter for further 
study. All values of y., whether variables or constant, have been determined 
l. 
from guess work in all calculations performed on the AC plasma panel. The 
problem is that there have not been sufficient experimental determination of 
Yi for glass surfaces and dielectrics. 
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The third difference between the two sets of calculations is in 
the effects of metastable Ne atoms. Lay et al. have included the effects of 
metastables, whereas the calculations presented here have not. How the 
effects of metastables change the charge transfer curve is not clear. Lay 
and Chu [25] have shown that metastable effects have a certain delay time 
associated with the build up of the metastable population. The Ne metastables 
can cause additional ion electron pairs to be created due to the well-known 
Penning effect. This serves to increase a and thus lowers the firing voltage. 
However, because of the time delay associated with this effect, the effective 
a may be different depending on the speed of the discharge process, The 
discharges for the lower part of the transfer curve are very slow to develop; 
thus, the time dealy of the Penning effect would be less important. For this 
region, then, the value of a would be large. By similar reasoning, the 
effective a for the upper transfer curve should be smaller since the discharge 
would be nearly complete before the Penning effect would set in. 
How this might affect the charge transfer curve can be explained 
by taking Figure 3.11 as an example of a transfer curve without the Penning 
effect. Addition of the Penning effect will not change the upper region of 
the curve. It will, however, cause the lower portion of the curve to move 
to the left. This will cause a reduction of the memory effect initiated by 
having the non-square wave sustainer. Thus, in general, one might expect 
the Penning effect to reduce the memory margin. 
To summarize, the·results of memory obtained by Lay et al. will 
require further analysis to determine the exact nature of the transfer curve. 
Having a non-square wave sustainer adds to the memory effect, but having the 
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sustainer return to zero probably causes the effect to not be as strong as 
it could be. The effects of back diffusion will probably increase memory, 
whereas the Penning effect will probably reduce memory margins. 
3.5 Experimental Results 
No experiments were performed in this study to confirm the accuracy 
of the charge transfer curve theories presented in this chapter. However, 
there are a number of results achieved by other workers that are explained 
by these theories. 
A value that nearly all researchers pay attention to is the firing 
voltage. This value is determined by what is happening in the lower regions 
of the transfer curve where little or no field distortion exists. Coleman 
[26], and Schermerhorn [27] have noticed that the firing voltage with a pure 
square wave sustainer is 10 to 20 volts lower than that observed with a non-
square wave sustainer like that in Figure 3.8. This same trend is predicted 
by the transfer curve presented in Figure 3.12. Schermerhorn's results 
indicate that minimum sustain voltage is almost the same for both waveforms, 
and therefore, the non-square wave gives superior memory margin. These 
results, then, are in complete harmony with the theory. 
While experimenting with the properties of shifting operations in 
plasma panels, Jones [28,29] took data using a return to zero sustainer 
similar to Figure 3.30. He found that the firing voltage increased as the 
sustain pulse width was shortened. For short pulse widths, the minimum 
sustain voltage was also increased. He also found that the shifting opera-
tion, or the ability of one cell to cause an adjacent cell to fire, was 
enhanced with high sustain voltages and short pulse widths. 
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This behavior can be clearly understood in terms of the present 
theory. It seems reasonable to expect that shorter sustain pulses should 
increase the firing voltage. As discussed above, the firing voltage for this 
type of sustainer is determined by the condition that a significant amount 
of wall charge be transferred to significantly change the cell voltage on the 
next discharge. The shorter the growth period, or sustain pulse width, the 
greater the growth rate must be to attain that same wall charge value. The 
higher growth rate implies a higher voltage pulse. As shown in Figure 3.19, 
the current can grow many orders of magnitude during a single short sustain 
pulse, with the cell remaining in the off state because insufficient wall 
charge has been transferred. 
The shift technique relies on the fact that particles from one 
discharging cell can move to a neighboring cell and lower its firing voltage 
enough to turn it on. If the discharge calculations model the neighboring 
cell, the particle from the pilot cell can be modeled as an increase in the 
quantity j • It is clear that for the square wave case, the quantity j is 
0 0 
going to have little or no difference on the firing voltage. As discussed 
above, the firing voltage is theµ= 1 voltage, which is not affected by j • 
0 
As the sustain pulse width is shortened and the firing voltage increases the 
current growth per pulse increases. The exponential growth all starts from 
the value of j • Thus, a doubling of j will also double the wall charge 
0 0 
transfer for that sustain pulse. When the current growth is very large, the 
value of j can be very small and still be able to cause sufficient wall 0 
charge transfer to turn on the cell. In Figure 3.19, the value of j was 
0 
-9 2 4 x 10 A/cm, which is more than 8 orders of magnitude smaller than the 
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peak discharge current of an on discharge. Al though the current growth is 
large for this case, it is still insufficient to turn the cell on,. However, 
when j was doubled, sufficient wall charge was transferred and the following 0 
discharge sequence turned the cell on, as seen in Figure 3.20, Thus, a 
shifting cell should become more sensitive to the stray particle of other 
cells as the sustain voltage pulses become large and narrow, 
In terms of charge transfer curves, the shortening of the sustain 
pulse width has the effect of causing the lower portion to move further to 
the right as in Figure 3.11. The shorter the width, the further to the right 
and thus the higher the firing voltage, The increase in j
0 
causes the 
bottom portion to move back to the left, 
One lesson that should be apparent from the above discussion is 
that the firing voltage of a cell depends on the waveform and on the states 
of other cells in the panel. Usually, when an experimenter quotes a firing 
voltage, the above determining conditions are not specified. To reduce this 
ambiguity it is suggested that all measurements of firing voltage be made 
with a pure square wave sustain generator. In this way, the effects of 
neighboring cells on the firing voltage will be eliminated, The resulting 
firing voltage will also be theµ= 1 voltage, which is of fundamental signi-
ficance to the device being studied. 
One last experimental confirmation is found in some previously 
unpresented measurements by Weikart [30]. He noticed that in a very dark 
room, the eye could observe a very small amount of light coming from off 
cells with a sustainer applied. A large number of on cells were in the near 
vicinity, so at first he considered the light from the off cells to be 
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scattered light from the on cells. However, upon examining these off cells 
with a microscope, the major portion of light was seen to be from a very weak' 
discharge in the off cells. When the sustainer was removed from the off ' 
cells only, this light went away. Figure 3 . 31 shows the sustain waveform and 
output from a large number of off cells . The initial short light pulse is 
due to scattered light from the neighboring on cells . However, the exponen-
tially increasing light, that lasts the width of the sustain pulse, is from 
the off cells. This looks very similar to the situation seen in Figure 3.18, 
where the peak sustain voltage pulse was about 17 volts greater than the 
µ = 1 voltage. For convenience, the linear plot of the data shown in Figure 
3 . 18 is shown in Figure 3.32. The data shown in Figure 3.31 was taken with 
the sustain pulses 26 volts above the firing voltage obtained with a pure 
square wave. 
A very interesting fact of the off cell discharges was that the 
discharges got weaker as the off cells got further away from the on cells . 
This would correspond to a decrease in j , which should be expected as a 
0 
cell gets further from the source . 
Thus, this is an excellent confirmation of the theoretical results 
that predict that the lower region of the charge transfer curve should move 
to the right, as seen in Figure 3.12, with application of a non-square wave 
sustain waveform. 
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Figure 3.31. Sustain voltage and light output for plasma cells in the 
off state. The vertical scale is 200 V per division and 
the horizontal is 2 µs per division. The light output 
is the lower trace. 
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Figure 3.32. Calculated discharge current for a cell in off state. 
This is for the same data as shown in Figure 3.18. The 
applied sustain voltage is also plotted. The vertical 
scale factor is 6.87 x 10-6 A/cm2. The peak sustain 
voltage is 250 volts. 
CHAPTER 4 
PLASMA DENSITY MEASUREMENTS USING RF AND MICROWAVE TECHNIQUES 
4.1 Introduction 
Chapters 2 and 3 of this thesis have been devoted to some theoretical 
aspects of the discharge dynanfics. The remainder will be devoted to experi-
mental measurements. 
Most previous experimenters have been able to measure only 2 
physical parameters of the plasma display panel: discharge current and light 
output. Although much information about the operation of the device can be 
derived from these parameters, a great amount of information is lost due to 
the fact that light and current are dependent on a number of other variables 
that are a function of both space and time. 
Physical quantities that one would like to measure are shown in 
Table 4. 1. Of these variables, probably the most important to the operation 
of the discharge dynamics of this device is the electron density. For this 
reason, a considerable amount of effort was placed into measuring this 
quantity both as a function of space and time. This and the next two chapters 
are devoted to that end. 
4.2 RF Capacitance Measurements 
The data shown in Figure 2.6 shows that in the plasma region away 
-6 3 from the cathode, the plasma density-is typically 10 C/cm, or about 
-3 
cm A plasma of this density has a plasma frequency of about 28 GHz. 
This means that for frequencies considerably below 28 GHz, the plasma will 
look like a near infinite dielectric constant material. Since the computer 
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TABLE 4.1 
Measurable Physical Variables 
Electron Density 
Ion Density 
Neutral Atom Density 
Metastable Atom Density 
Electron Temperature 
Ion Temperature 
Neutral Atom Temperature 
Electric Fields 
Glass Surface Effects 
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calculations predicted that the major part of the cell discharge gap would 
be filled with plasma and that the plasma would remain in the gap for a long 
time, it seemed reasonable to expect that the capacitance of the cell would 
change by large factors. Once this fact was realized, it took less than an 
:hour of lab work to set up an experiment that presented the first experimental 
confirmation of the existence of plasma in the plasma display panel. 
Figure 4.1 shows how the growth and decay of the plasma should 
affect the cell capacitance. Before the cell fires, no plasma exists and 
the cell has its neutral value C
0
• At the time of the discharge, td, the 
cell fills with plasma and the capacitance increases abruptly. The peak 
value, C , is determined by how much of the gap is filled with plasma. As p 
th,B plasma decays, in the manner shown in Figure 2. 9, the capacitance slowly 
decreases until all the plasma in the gap has dissipated at time t. 
e 
It is important to note that these capacitance measurements give 
2lmost no information about the density of the plasma~ Since for experimental 
~easons the capacitance measurements described here are done at frequencies 
9 -3 at or below 200 MHz, the plasma would have to have a density below 10 cm 
be,fore it would act like anything other than a very large dielectric constant. 
At these densities, even a cold plasma's Debeye length becomes comparable to 
9 -3 the gap spacing, making it impossible for a true plasma of density 10 cm 
to exist in a plasma panel. Thus, the only information that can be obtained 
from capacitance measurements is the spatial extent of the plasma; and this 
information is 11imited to simply knowing how much of the gap is filled with 
plasma. Capacitance will not tell where in the gap the plasma is. The 
positioning of the plasma near the anode in Figure 4.1 was done based on the 
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Figure 4.1. Variation of plasma cell capacitance 
due to the growth and decay of the plasma. 
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computer calculations, The most important information derived from the 
capacitance is about the existence of the plasma. 
4.2.1 Resonance Technique 
Although the computer calculations predict an increase in capaci-
tance by at least a factor of S, such large changes will not be measurable 
at a typical plasma panel's electrodes, The electrode in a panel has many 
stray capacitances that are much larger than the rell capacitance. Thus, 
even with all of the cells in a large panel discharging, the total capacitance 
may only change a few percent. A very simple way to measure this small 
capacitance change is shown in Figure 4.2. With this technique, the panel 
capacitance is made to resonate with a suitable inductor. Small changes in 
panel capacitance will cause changes in the resonant frequency of this LC 
combination. These changes will vary the coupling between the rf oscillator 
coil and the oscilloscope coil, which are loosely coupled to the resonating 
inductor. The sustain voltage is introduced, as shown, across a capacitance, 
Cb, which is very large compared to the panel capacitance. Thus, the 
sustainer does not strongly affect the operation of the resonant circuit. 
The value of the inductor is made small so that the rising of the sustain 
pulse does not cause too much ringing. The RF oscillator is adjusted to the 
resonance of the circuit which is usually between 10 and 100 MHz. The higher 
the resonant frequency, the less sustainer induced ringing becomes a problem. 
Of course, at too high of a resonant frequency, other resonant effects set 
in due to the inductance of the panel lines. 
Figure 4.3 shows the output of the oscilloscope when the capacitance 
of a number of cells in an OWens-Illinois, 128 line, 33 line per inch plasma 
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Figure 4.2. Resonance technique for measuring the 
variation in plasma cell capacitance. 
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Figure 4.3. RF capacitance envelope and discharge current for a number 
of cells in a standard plasma panel. The RF frequency was 
19 MHz. The discharge current scale is 40 ma/division. 
The horizontal scale is 2 µs per division. 
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panel was measured. Also shown is the discharge current pulse. In this 
figure, the oscillator was tuned to around 19 MHz, The output waveform is 
strongly dependent on the frequency of the oscill·ator. Figure 4.3 shows 
the oscillator tuned to give maximum coupling with the neutral capacitance, 
C0 , ':rhe capacitance increase, due to the discharge, caused a great reduction 
in coupling. As the plasma dissipates, the capacitance decreases and the 
coupling increases. Figure 4,4 shows the same measurement with a slightly 
different oscillator frequency, In this case the neutral capacitance, C, 
0 
causes only intermediate coupling. As the capacitance increases due to the 
discharge, the coupling is further reduced. As the capacitance slowly 
decreases, it passes through a value where the coupling is maximized. This 
peak i.n coupling will !!love one way or another as the oscillator frequency 
is changed. Thus, the panel has all of the characteristics of a time-varying 
capacitance. 
The data from the above two figures shows that the capacitance is 
changing for 15 µ,s after the discharge. This was taken in a standard plasma 
panel having a neon-argon gas mixture, Since most panels operate at a 
sustain frequency of 50 KHz, the discharges occur every 10 µ,s, Thus, it is 
very possible that the plasma from the previous discharge is an important 
initial condition for every discharge. 
This technique can be modified to operate at higher frequencies if 
the inductance of the panel electrodes is used in place of the resonating 
inductor of Figure 4.2. The electrodes of most panels have a number of 
resonances in the 100-200 MHz range, A grid dip meter can be used to couple 
energy into the electrodes, A simple transformer made of a few turns of wire 
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Figure 4.4. RF capacitance envelope for the conditions of Figure 4.3, 
except with a slightly different RF oscillator frequency. 
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can be used to couple energy to the oscilloscope. The primary is usually 
placed in series with the panel. A quick tune through the frequency range 
will usually find a resonance that will give a strong signal similar to 
those seen in Figures 4.3 and 4.4. This is a particularly useful technique 
because it is so easy to set up. It is no harder than measuring the discharge 
current or light output, 
The above techniques are very useful for measuring the small capaci-
tance changes in panels. However, they offer certain disadvantages when one 
tries to make a quantitative measurement of a plasma cell capacitance. The 
output of the resonant technique is determined by the oscillator frequency, 
and the circuit Q and resonant frequency. Techniques exist for measuring 
these quantities; thus, one could determine the quantitative capacitance 
variation in a plasma cell. However, this technique is messy and subject to 
error. A second disadvantage is that the ringing due to the rise of the 
sustainer is always somewhat of a problem in any resonant technique. With 
care, it can be reduced, but it is never eliminated, and usually always 
obscures the capacitance variation near the discharge peak. 
4.2.2 Stub Technique 
An alternate technique was used that did not involve a resonant 
circuit. It is basically a voltage divider technique that places the cell 
capacitance in series with the capacitance of the oscilloscope probe. The 
circuit is shown in Figure 4.5. Since the cell capacitance and the scope 
probe capacitance are on the order of 10 pf, it is very important to make 
all other impedances connecting to the cell very high. On the other hand, 
--
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Figure 4.5. Circuit diagram of quarter wave stub technique 
for measuring the cell capacitance variation~ 
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for the cell to operate properly, the sustainer must connect to the cell 
through a low impedance path. This problem is solved by using quarter wave 
stubs cut at the RF measuring frequency . A third problem is the fact that 
without an appropriate filter, the scope probe would see the very large 
sus tain voltage on top of the small RF signal . A high impedance at the RF 
frequency and a low impedance at the sustain frequency was obtained with the 
third, quarter wave stub across the oscilloscope probe. The capacitors Cb 
are 200 pf and act as a low impedance at the RF frequency. The stubs 
connecting to the sustain generator were cut slightly longer than quarter 
wave since the capacitors Cb do not act as a perfect short. The extra length 
compensates for this and makes the stub impedance at the cell much higher 
than the cell capacitance. 
Typical results are found in Figure 4.6, showing both the sustain 
waveform and the RF envelope. The height of the envelope is related to the 
cell capacitance by the voltage divider relationship with the oscilloscope 
probe capacitance, which is 12 pf for this data. To eliminate the stray 
capacitance problem a very large area plasma cell was constructed. The t wo 
electrodes were the shape of a disc, 1 cm in diameter. Aside from the very 
l a rge electrode area, the remaining dimensions of the cel l were typical. 
The glass dielectric thickness,£, was about 25 µm, and the gap spacing, d, 
was about 200 µ,m. General construction techniques for experimental plasma 
cells are presented in section 6.3. The neutral capacitance, C, of this 
0 
cell was 7 pf. With such a large cell capacitance, the effect of additional 
stray capacitances was minimized. 
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Figure 4.6. Capacitance envelope and sustain voltage waveform for large 
area plasma cell measured using the stub technique. The 
RF frequency was 56 MHz. The horizontal scale is 20 µs per 
division. The cell was filled with 250 torr Ne and 0.25 
torr Xe. 
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The data shown in Figure 4.6 uses this large area cell with a 
gas mixture of 250 torr Ne plus 0.25 torr Xe. From this data it is seen 
that the plasma remains in the cell for at least 60 µs after the discharge. 
This is typical of all data taken with Ne+ 0.1% Xe. The longest time 
observed for plasma decay in such mixtures was 100 µs. Different gas 
mixtures have considerably different plasma decay times. This will be 
discussed later in this chapter. 
From data such as seen in Figure 4.6, one can easily figure out 
the actual capacitance of plasma cell by means of the voltage divider 
relationship. Referring to Figure 4.1, the value of C was 7 pf, and the 
0 
value of C is measured at about 50 pf. Thus, the change in capacitance is p 
very large. From these values one can estimate that the plasma fills about 
6/7 of the discharge gap shortly after the peak of the discharge activity. 
This is consistent with the computer calculations as seen in Figure 2.6. 
4.3 Induced Plasma Decay Phenomena 
A number of interesting facts were observed in regard to the decay 
of the plasma. First, if the RF oscillator voltage is too high, it will cause 
the plasma to decay faster. Although the RMS RF voltage across the cell was 
always below one volt for all measurements, on some occasions even 0.1 volts 
RMS would cause the capacitance envelope to decay a little more rapidly. 
The physical mechanism for this RF dependent decay is not clear at this point. 
A second, more interesting plasma decay phenomena occurs when the 
sustain voltage changes across the cell. Figure 4.7 shows the RF envelope 
and sustain waveform, showing typical behavior of the capacitance when the 
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Figure 4.7. Capacitance envelope and sustain voltage waveform showing 
the decrease in capacitance due to a slow droop of the 
sustain voltage . The voltage scale is 200 V per division. 
The horizontal scale is 20 µs per division. 
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voltage across the cell is changed. In this case, after the sustainer had 
remained high for 5 µs, it was allowed to slowly droop to an intermediate 
value. This causes the plasma to be completely swept out of the volume, 
and the cell returns to capacitance C. In this case, the sweep-out process 
0 
is slow and takes about 5 µs. However, the speed of this process depends 
strongly on the rate of voltage change across the cell. Figure 4.8 shows the 
same type of data taken with a non- square wave sustainer which is typical of 
that used in many plasma display systems. It is clearly seen that the 
plasma is swept out as soon as the sustainer falls. Thus the plasma exists, 
on the average, for only half of the complete sustain cycle . 
Although the data presented above is for a falling sustain voltage, 
similar results occur when short pulses are added to the sustain waveform. 
Most pulses longer than 1 µswill completely sweep out the plasma. In 
general, a pulse of at least 50 volts is required . Shorter or smaller ampli-
tude pulses will usually only partially reduce the capacitance. There does 
not seem to be a great deal of difference between positive going pulses or 
negative going pulses. Both can sweep out the plasma. Of course t here is a 
limit to how high a positive pulse can go before it causes a discharge tha t 
creates additional plasma . None of the items mentioned in this paragraph 
should be interpreted as strict rules, but more as what is observed in many 
cases. Obviously, a much more careful study of the cell capacitance behavior 
as a function of the sustain waveform is needed . 
The fact that the plasma can be swept out by an electric field 
presents an interesting theoretical problem. An important property of plasmas 
is that they shield out the effects of all electric fields applied below t he 
119 
Figure 4 . 8 . Capacitance envelope a nd s ustain waveform showing that a 
non-square wave sustain wavefor m will sweep out the plasma 
during the voltage fa ll . The RF f requency i s 56 MHz. The 
vo l tage scal e i s 50 volts per div i sion, the horizontal 
scale i s 5 µ s per division. 
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plasma frequency. The fields used in the above experiments to sweep out the 
plasma have frequencies many orders of magnitude lower than the plasma 
frequency for this case. How then can a plasma be destroyed by such a low 
frequency? 
The answer to this question obviously involves some very complex 
plasma dynamics. There is, however, a very simple explanation. If one 
considers the plasma as a material with an infinite dielectric constant, when 
the field across the plasma changes, the charges in the plasma will all move 
so as to cancel out the field. There is, however, only a finite amount of 
charge in the plasma. If, in order to cancel out the new applied field, the 
plasma would have to move more charge than it has, then the plasma could no 
longer exist . 
A simple example will show that the above mentioned destruction 
mechanism is quite important. Assuming that the gap spacing is d = 100 µ,m 
and that the plasma fills 4/5 of the gap, the cell can be modeled as two 
series capacitors . The capacitor associated with the plasma has an infinite 
dielectric constant and thus infinite capacitance. Assuming an infinite 
parallel plane structure, the second capacitor , associated with the non-
Eo 
plasma region, will have a capacitance per unit area of-, where g, :in thi s g 
case, is 20 µm . If a 50 volt pulse is applied across the two series capaci-
tors, the charge per unit area that will flow through both capacitors will 
..Q EV -9 2 be = ___£_,=2.21 x 10 C/cm. Figure 2. 6 shows that the peak plasma density A g 
is about 10-6 C/cm3 • For the data shown in Figure 4.8, the plasma has already 
decayed for 5 µs before the sustain voltage falls. Assuming that after 5 µs 
the plasma density is uniform at 10-7 C/cm3 over the distance of 100 µm gives 
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a charge per unit area of 10 C/cm. Since this value is smaller than the 
charge that must flow through the capacitors, it is clear that the electrons 
will be swept away from the ions in trying to satisfy the displacement charge 
requirement of the 50 volt pulse. Once the electrons are swept away, the 
slower ions will soon drift to the wall. 
The above very simple explanation neglects many important effects 
that would be included in a detailed ana~ysis . This is really the problem 
of a plasma sheath. When a voltage is placed across a sheath, the sheath 
quickly adjusts to maintain the charge neutrality in the plasma. In this 
case, however, the sheath would have to grow to dimensions larger than the 
plasma itself in order to protect the plasma. Thus, the plasma decays . A 
more detailed analysis will have to wait for another study . 
4.4 Microwave Measurements 
The capacitance measurements have shown the existence of the plasma , 
but they give little information about its density. To do that one must go 
to higher frequencies so that the probing radiation is in the region of t he 
plasma frequency. A very standard techni que used by many is t o measure the 
microwave transmission, reflection and a bsorpti on of the plasma [31]. Thi s 
usually involves placing the plasma i n a wavegui de or perh?PS plac ing the 
plasma between two horn antennas : one for the transmitter and one for the 
r eceiver . These techniques work well for very large plasmas which are used 
by most researchers in the area, but they are not practical with a discharge 
gap spacing of only 100 µm, as is found in the plasma panel. 
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4.4.1 Experimental Technique 
After a considerable amount of thought and experimentation, it was 
found that one possible way to transmit the microwaves through a plasma cell 
was to make the plasma cell look like a strip transmission line. Figure 4.9 
shows the geometry of such a plasma cell. One electrode of the plasma cell 
was made the ground plane and the other was made the strip conductor. The 
width of the strip was chosen to make the line impedance equal to 50 ohms. 
The spacing between the two electrodes was chosen to be close to the actual 
spacing used in plasma display panels. In this way, similar pressures could 
be used; thus the plasma densities should be the same. The glass dielectric 
thickness was also made similar to that of the plasma panel. The length of 
the plasma region of the strip line was 3 cm. The actual strip line continued 
for about 1 cm on each side of the plasma region. The plasma region was 
limited to 3 cm' by the gas sealing material. The two ends of the strip line 
were connected to coax through special type N connectors that were constructed 
to minimize reflections in the transition from the connector to the strip 
line. The sustain generator was connected to the strip electrode by a very 
narrow serpentine electrode that was screen printed at the same time as the 
strip electrode . Because it was much narrower than the strip electrode, 
it had a much higher impedance than 50 O. Also, the serpentine pattern 
acted as an inductor at the microwave frequency ~ Thus, there seemed to be 
minimal effects on the microwave transmission due to the sustain generator 
connection. 
The microwave energy was generated at about 10 GHz by a reflex 
klystron. The klystron was coupled through a wave guide, isolator, and 
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Figure 4.9 . Geometry of strip line plasma cell used 
to measure microwave transmission. 
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attenuator to a length of RG-8 coax that connected to the strip line. It 
was important to use an E field coupler between the waveguide and coax, si nce 
the loop of the H field coupler would complete a DC connection between the 
two electrodes of the strip line thus shorting out the plasma cell and the 
sustain generator. The output end of the strip line was again connected 
with coax to a waveguide detection system. This was s:imply a waveguide 
isolator and a waveguide crystal detector. The current from the detector 
went to the scope to give an indication of the microwave transmission through 
the strip line. 
The experimental setup was further refined so that capacitance 
measurements could be made simultaneously with the microwave measurements. 
The circuit seen in Figure 4 . 5 could not be used in this case since the ground 
plane end of the plasma cell was connected to a good ground through the coax, 
the waveguide, and eventually through to the klystron power supply. In the 
revised capacitance measuring scheme shown in Figure 4.10 the capacitors Cb 
are large, typically 200 pf; and the capacitor C is of comparable size t o 
s 
the plasma cell, which is typically 15 pf. At the RF frequency, the scope 
probe is in parallel with the plasma cell. All of the RF energy is coupled 
in through capacitor C. As the cell capacitance increases, then, the RF 
s 
signal at the scope will decrease . The sustain genera t or is again isolat ed 
with a slightly longer than a quarter wave stub. The shorted stub across 
the probe is used t6 filter out the sustain voltage from the scope input . 
Since both the sustain generator and the plasma cell must be grounded by this 
technique, it was most convenient to make the sustain generator put out only 
positive going pulses. Thus these pulses were twice the amplitude of the 
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Figure 4.10 . Capacitance measuring circuit used with 
the microwave transmission experiment. 
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normal pulses which go positive and negative. Since this is just a matter 
of ground reference , it did not affect the outcome of the measurements. 
In the initial measurements, considerable difficulty was experienced 
in observing the capacitance variation due to the loading produced by the 
coaxial lines leading to the waveguide. This problem was easily solved by 
making each piece of coax a half wavelength long at the RF frequency. Since 
the waveguide ends of these lines are essentially open to the RF, the strip 
line end also acted as an open. Thus, the connection or disconnection of t he 
microwave coax lines showed little effect on the capacitance measurements. 
4.4.2 Experimental Results 
Figure 4.11 shows typical data for the strip line cell filled with 
250 torr Ne+ 0.4 torr Ar. A pure square wave was used as a sustainer. It 
is clear that the microwave transmission goes to zero at the time of the 
discharge. After the plasma dissipates, it rises agin to 100%. The capaci-
tance shows similar behavior, increasing at the discharge, then slowly 
decreasing to the neutral value. Figure 4.12 shows data f or the same setup 
but with 250 torr Ne+ 0.4 torr Xe. The plasma l asts much longer as seen in 
both the capacitance and the microwave measurements . A general feature of 
all data taken was that Ne+ Xe plasmas lasted considerably l onger than Ne+ Ar 
plasmas of the same pressure and percentage of minority gas. This is as 
expected since the predominant ion in the late periods of the plasma decay 
is most likely to be the minority gas ion. Since the diffusion constant of 
Xe+ is much smaller than Ar+, one would expect the Xe+ plasma to decay slower. 
Another general observation was that the plasma would die off more 
quickly if the microwave power was at too high a level.· Although no power 
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Figure 4.11 . Microwave transmission data and capacitance variation for the 
strip line cell filled with 250 torr Ne and 0.4 torr Ar. 
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Figure 4.12. Microwave transmission data and capacitance variation for 
the strip line cell filled with 250 torr Ne and 0.4 torr 
Xe . The horizontal and vertical scale factors are the 
same as in Figure 4.11 . 
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measurement was made, the maximum rated power output of the klystron was½ 
watt . The measurements shown in Figures 4 . 11 and 4.12 were made with the 
power attenuated to a level where the microwaves did not cause any increased 
plasma decay. As in the case of the RF enhanced plasma decay, the mechanisms 
involved are too complex for speculation here as to the causes . 
The data in Figures 4 . 11 and 4.12 could be interpreted as meaning 
the following . When the microwave transmission is cut off, the plasma has 
a plasma frequency greater than 10 GHz. As the plasma decays, the plasma 
frequency also decreases so that when it is lower than 10 GHz, the transmission 
begins to increase. Even when the plasma frequency is considerably below 10 
GHz, the transmission may still not be 100% since the plasma still acts as 
a material with a finite dielectric constant that will change the impedance 
of the strip line and cause reflections. A plasma frequency of 10 GHz 
corresponds to a plasma density of 1 . 24 x 1012 cm-3 . Thus, it seems 
reasonable to expect that the actual plasma density is above 1012 cm- 3 for 
the early part of the discharge cycle . 
The above analysis is really a bit too simple . A very important 
complicating factor arises upon consideration of electron collisions with 
neutral atoms and ions. The collision frequency is very high for the 
plasma panel because of the high gas pressures. Chen [32] shows that in 
neon the momentum transfer collision frequency between electrons and 
neutral atoms is about 10 GHz for a pressure of 250 torr and an electron 
0 
temperature of 305 K. The electron-ion collision frequency depends on 
the ion density . Chen also shows that for 300°K electrons in pure Ne at 
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250 · 1 f d . 1013 - 3 h 1 . 11 · . torr, in a p asma o ens1ty cm , tee ectron-1on co 1s1on 
frequency will be about 20 GHz. Similarly, a plasma density of 1012 cm-3 
corresponds to a 2 GHz collision frequency. 
The important frequency of interest here is the total of both 
the atomic collision frequency and the ionic collision frequency . From 
the numbers above, a minimum value is 10 GHz. In general this number 
will increase with electron temperature . The electrons in the plasma 
0 
studied here certainly have a temperature much greater than 300 K for a 
major part of the sustain cycle. Thus, it is very clear that the total 
collision frequency is much greater than the microwave measuring frequency. 
The above fact complicates the interpretation of the data found 
in Figures 4 . 11 and 4.12. Much of the decrease in microwave transmission 
could be attributed to absorption in collision processes. Since neither 
the plasma frequency or the collision frequency are very well-known in this 
experiment, it is obvious that additional measurements and analysis are 
needed. It would be useful to conduct both transmission and absorption 
measurements at a number of different microwave frequencies in order 
to separate the effects of these two frequencies. 
A further complicating factor is that the plasma does not fill 
the entire discharge gap. The capacitance measurements show that the 
spatial extent of the plasma is diminishing after the discharge. This 
must be properly accounted for in interpreting the microwave transmission . 
Again much further analysis is needed. 
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Although from the above discussion, one cannot confidently say 
anything about the plasma density from the microwave measurements, as 
in the capacitance measurements, one can get information about the dependence 
of the plasma on sustain voltage pulses, Figure 4.13 shows the sustain 
voltage and typical microwave transmission for a higher frequency sustain 
signal than used in Figures 4.11 and 4.12. In this case the sustainer falls 
before the plasma has decayed. Near the end of the sustain pulse, the 
transmission is increasing; but as the pulse falls, the transmission 
decreases and then increases to 100%. This is better seen in the expanded 
time scale of Figure 4.14. The transmission remains at 100% until the start 
of the next discharge about a half microsecond after the completion of the 
sustain pulse fall. 
The reason for the small decrease in transmission is not clear 
and deserves further study since it should give clues as to the mechanisms 
involved in the plasma sweep out process. It is very clear that the fall 
of the sustain pulse did cause the sweep out of the plasma, and that the 
process was complete midway along the sustain transition. Thus, the micro-
wave measurements are consistent with the results of the RF capacitance 
measurements. Figure 4.15 shows the transmission data for a return to zero 
sustain waveform. This data is similar to that shown in Figure 4 .8 in that 
both show that the fall of the sustain pulse sweeps out the plasma. 
4 . 5 Significance of the Existence of Plasma 
Both the RF capacitance and the midrowave transmission measurements 
have clearly demonstrated the existence of the plasma predicted by the 
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Figure 4.13. Microwave transmission data and sustain voltage waveform 
showing the effects of a falling sustain voltage. The 
horizontal scale is 2 µs/div ision. 
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Figure 4.14. Microwave transmiss ion data for the same conditions as in 
Figure 4.13. The horizontal scale is 200 ns/division . 
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Figure 4.15. Microwave transmission data showing the pl asma sweep out 
for the fa ll of the return to zero sustain waveform . 
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computer calculations. They have not verified the magnitude of the plasma 
density predicted; however, further work on the microwave measurements at 
various frequencies may be able to provide accurate densities. The plasma 
is clearly swept out of the volume by a significant change in the sustain 
voltage . The lifetime of the plasma can be as long as 100 µsand depends 
strongly on gas mixture . However, for most sustain frequencies and wave-
forms used in typical panels, the plasma is swept out by a changing sustain 
voltage. This section will discuss what these results imply to the charac-
teristics of the plasma display panel. 
The plasma densities predicted by the calculations show peak 
densities on the order of 10- 6 C/cm3 . This represents a considerable amount 
of charge in the volume. Since it is desirable to maximize the amount of 
wall charge transfer for a given discharge intensity, the question arises 
as to how the volume charge can be deposited on the wall so as to increase 
the wall charge transfer. With the sustain waveforms presently used, the 
volume charge is swept out by the falling sustain pulse. For cells in the 
on state, the fall of the sustain pulse usually means a reversal in the 
field across the gas, since the field due to the wall charge does not change 
until a discharge occurs . This field.reversal will cause the plasma that 
is being swept out of the volume to go to the walls in a manner that decreases 
the wall voltage . This effect is seen in the calculations of Figure 4.16 . 
Thus, with the present way of operating the plasma panel, the volume charge 
actually decreases the total wall charge transfer. This effect is probably 
a major reason why sustain voltage pulses typica l ly must be at least 5 µs 
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Figure 4.16 . Sustain voltage and wall voltage for a stable discharge 
sequence showing the small change in wall voltage due 
to the fall in the sustain voltage. 
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long in order to achieve memory . For shorter pulses, the plasma is of such 
density that a very significant amount of charge is transferred during the 
fall of the sustainer. Thus, 5 µs must be spent for the plasma to be reduced 
in intensity. 
Considerable improvement might therefore be obtained if the volume 
charge could be added to the wall charge. How this can be accomplished is 
not clear at this point. However, the ~xperiments showed that the plasma 
is swept out for both positive and negative going sustain pulses. By the 
application of an appropriate positive going sustain pulse on top of the 
normal sustain pulse, one might be able to sweep out the plasma in a 
beneficial direction. Once the plasma is no longer in the volume, the 
sustainer can fall in the usual manner without penalty. The problem with 
this technique is that the positive pulse cannot be too high or it will act 
as a write pulse to the cells in the off state. Thus, some more experimental 
work is needed to find the appropriate waveform that will sweep out the 
plasma without causing the off cells to turn on. This work can now be done 
with the aid of the RF capacitance measurement techniques developed in this 
chapter. 
The second area where the existence of the plasma is of concern 
is the computer interrogation of the information stored in the panel . Two 
techniques have been shown to be feasible. Circuits that sense the discharge 
current of an individual cell can be used for direct electrical readout [33]. 
Also, a photomultiplier can be used to sense the light output of an individ-
ually-addressed cell [34] . Both of these techniques suffer from noise that 
is associated with the existence of the plasma. 
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In the discharge current sensing scheme a sense amplifier on an X 
line detects the current from one cell that is discharged by a sustain pulse 
on a single Y line. If all the cells in that X line are in an on state , they 
will have discharged a short while before the sense operation. Existence of 
t~e plasma will cause a small amount of current to flow in all of these on 
cells as seen in Figure 2. 12. Although this current is small, it can be 
very significant when all of the small currents from all cells in the X line 
are compared to the peak discharge current of the one cell to be sensed. 
Thus for unambiguous sensing, one must wait 15 µs after a sus tain discharge 
before the cell to be sensed can be discharged. This is a disadvantage 
because it reduces the rate at which cells can be read. It should be possible 
to greatly reduce the long current tail of the on cells by simply placing 
an appropriate sweepout pulse that will remove the plasma before the read 
operation takes place . Thus , the 15 µs period could be considerably reduced 
and the read rate increased. 
A very similar problem exists with the optical readout technique. 
If a large number of cells in the panel are in the on state, then their total 
afterglow can amount to significantly more light than will come from the 
one cell that is to be read. Assuming that this afterglow is produced by 
recombination mechanisms in the plasma, the appropriate sweep out pulse might 
reduce the afterglow light to a tolerable level . 
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CHAPTER 5 
A VERY SENSITIVE LASER INTERFER<l1ETRY SYSTEM 
5.1 Introduction 
From the measurements of Chapter 4, it is clear that a long- lived 
plasma exists in the plasma display panel . However, little information was 
obtained about the density or the distribution of this plasma throughout the 
cell. It is clear that shorter wavelength radiation is needed to probe the 
area across the discharge gap . Thus, considerable effort was placed in 
measuring the properties of the plasma with optical wavelengths. Since the 
optical frequency is very much greater than the anticipated plasma frequency, 
the plasma will simply change the phase of the probing light beam. To 
measure this phase change, the plasma cell must be placed in a very sensitive 
interferometer. 
The anticipated phase change imposed severe resolution requirements 
on the interferometry system so that a great deal of effort was placed just 
in developing suitable interferometry techniques. The end result was a very 
simple system capable of measuring optical phase changes smaller thah 10-5 K. 
Since this value is smaller than any other known to appear in the literature, 
this entire chapter is devoted to a discussion of this interferometry s ystem. 
Chapter 6 presents the application of this system to the measurement of the 
plasma properties . 
5.2 Resolution Requirements 
The first question that needs answering is "does the electron 
density in a plasma panel have sufficient amplitude to be measurable by 
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interferometry techniques?" From MaxwelL's equations one can easily show [35] 
that the phase change is 
= - BAn L),_ 
e 
(5, l) 
where A~ is the phase change in radians due to the change in electron density, 
e 
An , L Ls the length of the plasma traversed, ),_ is the laser wavelength and 
e 
-15 B = 2.817 x 10 meters. 
Figure 2.6 shows that the peak electron density should be in the 
range of 
-3 
cm 
If we assume a very long plasma display cell of L = 1 cm and a typical laser 
wavelength of),_= 6328 K, then from (5,1) and an electron density of 1012 cm-3 
we get a phase shift of 1. 78 x 10-5 radians or 0,018 angstroms. This is a very 
small phase change that looks very discouraging since it is generally consid-
ered that good interferometry technique can measure fringe shifts of only 
½o, [35} • The basic problem that limits the sensitivity of most inter-
ferometers is mechanical stability. The mechanical elements usually move 
many ansgtroms due to thermal expansion and sonic vibrations. 
A number of factors created optimism in being able to measure the 
required small fringe shifts. The first was the discovery of a particular 
type of interferometer in which most mechanical motion was balanced out. 
Also, since the plasma display panel operates at high frequencies (50 kHz) 
relative to the acoustic vibrations, much of the remaining low frequency 
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acoustic noise can be filtered out. Also, averaging techniques are convenient 
to use at this frequency, thus greatly increasing the signal-to-noise ratio. 
5.3 Details of Interferometry System 
The basic interferometer arrangement used in this work is shown in 
Figure 5.1. It is a Jamin interferometer in which two optical flats are 
aluminized on their back sides to form mirrors. This interferometer is very 
stable since there are only two elements that can move to cause an unwanted 
phase change - the two flats. Translational motion of the flats in they and 
z directions causes no change in optical path length for perfect optical 
flats. Translational motion in the x direction will change the length of 
both beams equally, allowing their relative phase to remain unchanged. The 
only motion that can cause a noise signal is a rotational motion about the 
z axis. Thus, this is an extremely stable interferometer. Most other 
interferometers, such as the Michelson, require a very stable mechanical 
mount to get the output fringes to remain stationary enough for the eye to 
recognize them. The Jamin interferometer meets this criteria when the flats 
are held with the human hand. 
With the mechanical noise problem essentially solved, other noise 
sources become important. The light source becomes the main problem. Lasers 
are generally recognized as the only reasonable choice of light source for 
this problem. However, they are also fairly noisy devices. A 1% noise level 
seems good to a laser manufacturer, but for this problem it represents a 
signal equivalent to a A/200 phase shift and is thus quite unacceptable. 
Fortunately, this noise can be canceled out by using a second detector and a 
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Figure 5.1 . Jamin interferometer . 
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differential amplifier. The second detector can be placed at a number of 
places along the beam. For instance, in Figure 5.1 a beam splitter can be 
placed between the laser and the interferometer. The deflected beam from 
this beamsplitter goes to the second detector. The outputs of both detectors 
are fed to a differential amplifier. If the two detectors are sufficiently 
linear and properly frequency compensated, ail of the excess laser noise can 
be canceled out to the level of the shot noise plus the detector noise. 
The shot noise is not the shot noise traditionally associated with 
the leakage current of the detector, but rather the shot noise due to the 
current from the laser light. This noise current is given by the familiar 
formula 
I = Jzt,fie 
sn 
(5. 2) 
where t,f is the bandwidth, I is the signal current and e is the electron 
charge. Since the signal we wish to measure clearly increases proportional 
to the laser light intensity, the signal-to-shot noise ratio increases as the 
square root of the laser intensity. Thus, it pays to use the highest power 
laser available. A high power laser also eases the electrical noise problem 
since the electrical noise, such as that caused by the high voltage sustain 
waveform, is not dependent on laser power. Thus, the signal to electrical 
noise ratio is proportional to the laser poser. With the power from even a 
1 milliwatt laser, the noise generated in the detector (such as resistive 
noise) is so small compared to the signal shot noise that all other noise 
sources can be neglected. 
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Three different laser systems have been used with this interferometer. 
Initial experiments were made with an RCA 4 mw He Ne laser at 6328 R. This 
worked very well and allowed a significant amount of data to be taken. The 
second system was a homemade He Ne laser simultaneously op~rating at 6328 R 
and 1 , 15 µ . The power on both of these lines was probably under 1 mw. The 
measurements at the two wavelengths could be performed simultaneously which 
was desirable because of factors discussed in Chapter 6. Late in the course 
of these studies a Spectra Physics 166 Argon Ion laser, capable of oscillating 
at 9 different wavelengths with a total power of 4 watts, was obtained . 
Since it was the most powerful of the three, the argon ion laser was used to 
evaluate the performance of the interferometry technique . However, much 
initial experience was gained in using the 4 mw He Ne laser, and a few of the 
tricks learned are related below. 
The first lesson learned was that silicon photodiodes are better 
suited for detectors than photomultipliers in this application. The obvious 
reason is that the photomultiplier is easily saturated by the bright lase r 
light . But even if one takes precaut i ons agai nst saturation, the photodiode 
is stil l superior because of its greater quantum efficiency. This is true 
based on the assumption that the system is shot noise limited . The detec tor 
with the higher quantum efficiency will have a larger current flowing t hrough 
its cathode and will thus have a larger signal-to-noise ratio. The advantage 
of the photomultiplier of being able to resolve individual photons is not 
important here because the large amplitude of the laser beam is capable of 
quickly charging the capacitance of any photodiode. 
, 
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The high intensity of the signal from the Ar+ laser caused great 
saturation difficulties for many of the photo detectors used. For many hi gh 
performance PIN diodes, the nondepleted silicon acts as a series resistor in 
the kil-ohm range . This resistance will drop nearly all of the reverse bias 
voltage for currents in the tens of milliamps. To solve this problem, very 
large area photovoltaic detectors had to be used . The photovoltaic detectors 
are made of a lower resistivity silicon, making the series resistance much 
lower. These detectors were usually reversed biased to about 12 volts in 
order to reduce junction capacitance. Individual diodes had to be s e lected 
to insure that 12 volts did not exceed the reverse breakdown voltage . Most 
of the data shown here was taken with E. G. & G. PV 444A or PV 215 diodes. 
A lesson learned empirically is that it is important for the laser 
to operate in a single longitudinal mode. All three lasers could be made 
to oscillate in a single transverse TEM mode, but only the 4 mw He Ne and 
00 
the argon ion lasers could give single longitudinal modes . The RCA 4 mw 
He Ne laser has internal mirrors and, thus , random polarization. When the 
laser tube is first turned on, the polarization rotates with a period of 
about l Hz ; but after a 1 day warmup the polarization remains nearly constant 
over a 1/2 hour period. The longitudinal mode spacing for this laser was 
430 Mz so that only 2 or 3 modes can oscillate within the He Ne gain profile. 
In some internal mirror laser tubes, these modes are orthogonally polarized; 
thus, by means of a polarizer, one can select one of these modes and reject 
the others [3 6 ,31] • When the polarizer and the laser tube ·were properly 
rotated, the output of the differential ,,amplifier arrangetnertt was very near 
the noise level attributable to .the laser shot noise. 
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With the argon ion laser, an air spaced Fabry-Perot etalon could be 
placed in the laser cavity to make it oscillate on one longitudinal mode. In 
every case the noise level for the single mode oscillation was much lower 
than that for the multimode oscillation. 
The reason for the multimode noise is unclear. This effect has been 
noticed by other observers [38]. It appears to be a heterodyning noise 
between the modes. The mode spacing of all 3 lasers was greater than 100 MHz, 
which is well above the range of the detectors so that the beating between 
two modes is not the problem. However, the frequencies of the individual 
modes can be pulled slightly so that the mode spacings are not all equal. It 
is the beating of the mode spacing frequencies that causes'a noise in the 
kilohertz range that is objectionable. In the 4 mw He Ne laser probably only 
3 modes were oscillating so the beating of the two 430 MHz mode spacing 
frequencies gives a single frequency beat that was observable at 20 kHz. 
With the addition of the polarizer and the proper rotation of the laser 
tube, only one mode got into the interferometry system and thus the low 
frequency beating went away. The argon ion laser probably oscillates in 20 
or 30 longitudinal modes that are constantly changing phase and amplitude, 
so that the low frequency beating is not a simple sine wave, but a complex, 
almost random low frequency noise. Addition of the etalon drastically 
reduces this noise. 
The puzzling effect that goes without understanding is why this 
noise cannot be canceled out with the second detector. If the multimode 
laser beam is not sent through the interferometer, but is simply split by a 
beam splitter and each of the two beams measured by two detectors, the 
difference of the signals from the detectors will go to the shot noise limit! 
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There are two basic changes to the system of Figure 5 . 1 that improve 
the signal to noise ratio and the stability. To increase stability, a glass 
plate controlled by a servo system is placed in one leg of the interferometer, 
as seen in Figure 5.2. A change in the angle of the glass plate relative to 
the laser beam will cause the beam to travel a different path length through 
the glass. This is a very old trick that allows one to change the relative 
phase of one beam over the other and thus position the output fringes at the 
proper spot. 
The relationship between the phase change and light, or detector 
output is the familiar cos2 relationship shown in Figure 5 . 3. The phase 
changes discussed in this work are so small compared to A/2 that a linear 
relationship can be assumed between phase change and detector voltage. The 
2 proportionality constant is determined by where along the cos curve one 
operates . The angular position of the glass plate determines this operating 
point. For maximum signal to noise ratio, this operating point should be 
h h 2 - h · 1 were t e cos curve as maximums ope . These points are labeled in Figure 
5 . 3 . This is also the operating point where the linearity approximation 
holds the best. It should be noted that the sign of the proportionality 
constant can be either positive or negative, depending on which preferred 
operating point is chosen. This fact serves as a helpful che ck for deter -
mining if the measured signal is a real phase change or some sort of elec-
trical noise . The phase change signal can be easily inverted by slightly 
moving the glass plate . Since any electrical noise is most probably indepen-
dent of the position of the plate, the noise and the signa l can easily be 
separated . 
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Figure 5.2. Improved interferometry system. 
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Figure 5.3. Detector output versus optical phase change 
showing the familiar cos2 relationship. 
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This system can be calibrated by recording V. and V seen in 
min max 
Figure 5.3 while rotating the glass plate. If during operation one assumes 
that the glass plate is adjusted at an optimum operating point along the cos2 
curve, then the sensitivity in R per volt is 
(5.3) 
As discussed above, the Jamin interferometer is very stable; 
however, over a period of minutes, small temperature changes can cause it to 
drift. Also, room air currents passing through the interferometer can cause 
one leg to have a different optical length than the other. Most of these 
effects have frequency components that are much lower than those of interest 
for this work, However, these disturbances change the operating point along 
2 the cos curve of Figure 5.3 and thus modulate the signals at the higher 
frequencies, For instance, if signal integration techniques are used to 
improve the signal-to-noise ratio, a number of minutes might be needed for 
the integration, Any drift of the operating point due to thermal change 
would cause a false signal to appear after the integration. Thus, a servo 
system is needed to hold the interferometer to a fixed operating point. As 
shown in Figure 5.2, the glass plate is connected to a deflection motor. The 
motor was driven by a servo amplifier with one differential input connected 
to the detector output and the other to a variable voltage source. When 
operating properly, the glass plate rotates until the voltage output from 
the detector is equal to the variable voltage source, Thus, by adjusting this 
voltage source, one can define the operating point of the interferometer. 
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A second improvement over Figure 5.1 is the addition of beam-
splitters on the front surface of the flats as indicated with heavy lines in 
Figure 5 . 2. This serves to increase the signal-to-noise ratio. From the 
above discussions, it is clear that when the system is shot noise limited, 
the signal to noise ratio will be improved with a greater signal at the 
detector. Also, the signal at the detector should be fully modulated by 
the interferometer. In Figure 5.1 the laser beam is initially split by the 
reflectivity of the glass surface. For the proper polarization and the 
optical flat at 45° to the beam, the reflectivity of the glass surface is 
approximately 10%. Thus, the two beams are not of equal intensity. When 
the two beams are recombined, the stronger beam, which goes through the 
plasma cell, only experiences a 10% r eflection. Thus, most of the laser 
energy does not reach the detector. What does reach the detector is 100% 
modulated, but its maximum intensity can only be about 20% of the laser beam 
intensity. The addition of 50% reflecting beamsplitters at the points of 
surface reflection neatly solves this problem. This makes both beams of 
nearly equal intensity. The output t o the detector is 100% modulated and 
the maximum signal to the detector can be nearly 100% of the laser signal. 
However, as shown in Figure 5.3, the interferometer is properly biased when 
the output is at half maximum so that only half of the laser energy goes to 
detector 1 . It is convenient to place a second detector where the remainder 
of the energy goes . This is designated detector 2. If the outputs of both 
of these detectors are fed into a differential amplifier, the laser noise 
canceling function can also be performed. This eliminates the need for a 
beamsplitter and detector arrangement between the laser and the interferometer 
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to do the noise canceling. Such a beamsplitter would have to deflect energy 
out of the interferometer, thereby reducing the signal to noise ratio. The 
arrangement of Figure 5.2 allows the total laser power to enter the inter-
ferometer, along with the added advantage that the laser noise canceling 
detector also has a signal. With proper care, the signals entering the 
two detectors will be 180° out of phase, whereas the laser noise will be in 
phase. Thus, the output of the differential amplifier will show only the 
signal plus the shot noise. The balancing of the signals to the detectors 
is achieved by adjusting the glass plate position. 
For ideal beamsplitters with 50% reflection and transmission, the 
two output beams will have equal power at the correct bias point. This 
fact can be used to obtain the correction signal for the deflection motor, by 
feeding the outputs of the two detectors to the inputs of a DC differential 
amplifier. This technique eliminates the need for an adjustable external 
voltage reference. The glass plate will always be adjusted to balance the 
two output signals which will always be at the proper bias point. 
Both metallic and dielectric beamsplitters were experimented with 
on the flats. Metallic thin films of evaporated aluminum and gold were used. 
Also, quarter- wave dielectric films of eerie oxide were evaporated. The 
metallic films have the advantage of a more uniform reflectivity as a 
function of wavelength, making them more desirable for the multi-wavelength 
work, such as for 6328 X and 1.15 µ. A major drawback of the metal is its 
absorption, which may be as high as 20% of the incident radiation. This is 
not too significant in terms of signal reduction, but with a focused 1 watt 
beam, the metal heats up and quickly evaporates away, destroying that area 
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of the beamsplitter . The dielectric beamsplitter usually absorbs less than 
1% and usually evaporates at a much higher temperature and is thus much more 
rugged. A second disadvantage of the metal film is that the light experiences 
an undesirable phase shift in traversing the film. When metallic films are 
0 
used, the signals measured in detectors 1 and 2 are not 180 out of phase . 
This causes a loss of signal and also disturbs the bias point that occurs 
when the signals in the two detectors are balanced. The use of the quarter 
wave eerie oxide beamsplitter gave a perfect 180° shift . eerie oxide was 
chosen because it has an index of refraction greater than 2, and i t is 
possible to evaporate it with a tungsten filament which was readily available. 
The quarter wavelength referred to above is an optical not a physical length. 
The reflectivity of these dielectric beamsplitters is about 40% when the 
electric field vector of the laser radiation is in the z direction of Figure 
5.1 and the angle between the beam and the flat surface is 45°. The flats 
could be rotated so that this angle was less than 45° to make the reflectanc e 
reach the desired 50% value. Thus, it was possible to achieve 100% modulation 
of both of the beams entering the detectors with the desired 180° phase 
difference. 
The lens shown in Figure 5.2 is used to focus the laser beam in 
the area of the plasma cell to achieve optimum spatial resolution . 
5.4 Sensitivity Tests 
In order to test the sensitivity of the interferometry system 
shown in Figure 5.2, a cs2 Kerr cell was substituted for the plasma cell to 
give a known phase shift. The geometry of the electrodes was very similar to 
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the geometry of the plasma cell electrodes discussed in Chapter 6. The 
electrode gap spacing was 200 µm. They were 1 mm wide and 1 cm long. Reagent 
grade cs2 was used in the cell. The phase shift change, r in radians, that a 
light beam experiences after passing through a Kerr cell is 
2 f ; 2TT BLE (5. 4) 
where Lis the length of the cell that equals 1 cm in this case, Eis the 
electric field proportional to the applied voltage, and Bis slightly less 
than the Kerr constant which is 3. 6 x 10-14 mks units for cs2 [39 J. The 
fact that r changes as the square of the applied voltage is very helpful 
for this measurement. Since very small phase changes are to be measured, 
it is necessary to show that some other physical effect such as electrical 
noise is not really causing the observed signal, Electrical noise, however, 
would probably show a linear relationship between the measured signal and the 
voltage applied to the Kerr cell. Thus, adherence to the square law 
relationship of (5.4) is excellent proof of the validity of the measurement. 
To measure the sensitivity of the system, a 50 kHz square wave was 
applied to the Kerr cell placed in the system of Figure 5.2. Figure 5.4 
shows the applied voltage and the signal output of the differential amplifier. 
This data was taken at 5145 K using the Ar+ laser oscillating in a single 
mode with nearly 1 watt power. The output signal shows a phase shift of about 
0.1 K. This is clearly above the noise level of the system, showing that 
phase shifts as small as 0.02 K should be observable. This data was a single 
·shot trace in real time with no averaging. 
155 
Figure 5.4. Kerr cell voltage in the upper trace and the observed phase 
change in the lower trace. The voltage scale is 20 V/division 
and the phase scale is 0.1 R per division. 
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When averaging is used these results can be improved considerably. 
To test the ultimate resolution of this system, a Princeton Applied Research 
HR-8 lock-in amplifier was used to average the signal shown in Figure 5.4. 
With a 150 kHz square wave applied to the Kerr cell, the data shown in 
Figure 5.5 was taken. The time constant was set at 10 seconds with 12 db 
rolloff per octave. The total magnitude of the phase change was set at 
10-5 JL Clearly from Figure 5.5, this magnitude is well above the noise level, 
implying that a phase change as small as 2 x 10-6 R could be detectable with 
this setup. This sensitivity limit could be further decreased with a longer 
averaging time constant. Clearly this is an extremely sensitive, yet simple 
system. 
Because of the unusually large sensitivities, checks were made to 
insure that 10-5 R was really being measured. As discussed above, the Kerr 
cell phase change should be proportional to the square of the applied voltage. 
Figure 5.6 shows the results of the measured signal for different applied 
voltages across the Kerr cell. Clearly, the desired square law relationship 
exists over many orders of magnitude of phase change. Thus, the various 
possible noise sources can be discounted. 
5.5 Excess Noise 
Although the result shown in Figure 5.4 is very impressive, it 
shows a noise signal that is considerably above the shot noise limit of the 
Ar+ laser. This fact presented the challenge of improving the performance 
of the system if the spurious noise could be found. With the lock-in 
amplifier, the excess noise was found to increase as the frequency was 
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Figure 5.5. Phase change signal due to the change in Kerr cell voltage. 
This is an average of a 150 KHz square wave. 
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Figure 5 . 6 . Log plot of measured phase change versus Kerr cell voltage . 
This data confi rms the r e lationship of equation (5.4). 
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decreased below 150 kHz. This might typify mechanical vibrations of the 
flats. This was checked extensively by varying the mounting materials and 
geometry of the optical flat supports and mechanical isolation systems. The 
noise showed no observable dependence on these variables. 
Next a piezoelectric ceramic with appropriate electrodes was used 
with a square wave generator to introduce mechanical vibrations into the 
system through the air and by mechanical connections. The amplitude of the 
ceramic vibration was at least 50 i, and probably much greater at a mechanical 
resonance. By adjusting the frequency of the square wave generator, the 
resonances of the flat supports could be found. The support system was 
remarkably insensitive to these mechanical vibrations at all frequencies. 
It was difficult to see any signal even when the ceramic transducer was 
touched directly to the table supporting the flats. However, a much stronger 
signal was seen due to sound waves being transmitted through the air and 
passing through the interferometer. These signals had peak intensity when 
the sound was at the proper frequency so that a half wavelength was equal to 
the spacing between the two beams in the interferometer. A plane sound 
wave at this wavelength with a direction along they axis of Figure 5.1, 
will cause a gas density increase in one beam while causing a decrease in 
the other beam and giving a large differential signal. Other wavelengths 
will not give such a large signal because the densities seen by the two 
beams will be more in phase with each other. 
Other experiments with the ceramic transducer further indicated 
that this interferometer was more sensitive to sound waves in air than to 
mechanical vibrations of the solid supports. One very convincing property 
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was found when the spacing between the two flats was changed. The strength 
of the sound wave signal was roughly proportional to the distance between the 
flats. This is what would be expected for the sound waves in air since the 
phase change in a laser beam is a measure of the density change integrated 
over the length of the beam between the two flats. An infinite plane sound 
wave traveling in they direction will change the density equally along the 
path of the beam, making the integral of the density change proportional to 
the spacing between the flats . 
The undesirable noise exhibited by the interferometer system did 
not have frequency response peaks coincident with the mechanical resonances 
of the support system. Nor did it have a response peak near the sound in 
air half wavelength frequency described above. The noise seemed uncorrelated 
to the distance between the flats. Thus, the noise did not appear to have 
the properties of mechanical vibrations in the interferometer or of sound 
waves traveling through the air. 
By tuning the lock- in amplifier to various frequencies, it was 
noticed that the noise had a peak in a couple kilohertz band around 21 kHz. 
This noise peak had the peculiar property of being fm modulated at 60 Hz . 
This was eventually traced to plasma oscillations in the Ar+ laser· tube. 
These oscillations caused an almost ·unobservable modulation of the laser 
amplitude; however, they were much stronger at the output of the interferom-
eter. They could not be canceled out by the normal balancing technique 
described above . If one leg of the interferometer was blocked so that no 
interference occurred, then the signals in the two detectors could be balanced 
to the shot noise limit . Thus, this noise seemed inherent in the operation 
of the interferometer. 
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A large amount of attention was paid to the possibility that these 
plasma oscillations were creating a frequency modulation of the laser that 
was causing the noise. As mentioned before, these experiments were performed 
with a laser oscillating in a single longitudinal mode, and thus at a single 
frequency, Instantaneously, the laser may be emitting a very narrow bandwidth 
of perhaps a few Hz. But over the long term, a number of phenomena can 
randomly frequency modulate the laser. The prime cause of fm modulation is 
change in the laser cavity length due to sonic vibrations or thermal drifts. 
Also, any change in the index of refraction of the Argon plasma tube will 
change the optical length of the cavity and also fm modulate the laser. The 
plasma oscillations mentioned above could introduce such an index of 
refraction change. 
If the interferometer is somehow dependent on frequency, then such 
fm modulation could cause the observed noise, To test this, the laser was 
purposely fm modulated by placing a piezoelectric ceramic on one of the 
laser mirror mounts so as to change the length of the cavity with an applied 
voltage, Modulating the laser in this way caused a signal at the interferom-
eter output that could not be canceled out by balancing the detectors. This 
signal seemed to have all of the properties of the noise signal except its 
randomness. Thus, the noise could clearly be attributed to the laser and 
possibly was due to an fm modulation. 
The question then arose as to why the interferometer might be 
frequency sensitive, Attention was first paid to the possibility that the 
two paths of the interferometer were not equal. If this is the case, then 
the relative phase of the two beams being combined at the output beamsplitter 
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will change·as·the frequency changes and thus give the observed noise. In 
this case, the positioning of the optical flats should have a strong effect 
on the observed noise. However, experimentally no correlation could be 
found. Also with a little practice, the flats could be oriented so that the 
path difference between the two legs was less than a wavelength of light. 
When this was achieved a black fringe could be observed with the eye when the 
light source was a white tungsten incandescent bulb. This shows almost the 
ultimate in frequency insensitivity, when photons throughout the visible 
spectrum all place a fringe at the same spot. If the path lengths were 
changed by as much as a single wavelength, the black fringe became colored. 
The fact that both legs of the interferometer had equal length had no 
observable effect on the noise or on the signal introduced by the piezoceramic 
modulating the laser cavity. Thus, the frequency dependence of the inter-
ferometer did not seem to be large enough to cause the observed noise. 
The source of the noise was finally located when it was realized 
that cavity vibrations and plasma oscillations could also slightly angularly 
deflect the beam coming from the laser. Such deflections would cause a 
slight path difference in the two legs of the interferometer due to slight 
imperfections of the flats thus causing the observed noise. The use of the 
piezoceramic to change the length of the cavity in the fm modulation test 
also had the effect of slightly tilting one laser mirror which would 
angularly deflect the beam. To test this idea, the beam was slightly 
deflected independent of the laser with a mirror attached to a piezoceramic. 
The signal applied to this deflector did show up at the interferometer 
output and had the same properties as the noise except in randomness. This 
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deflection was very slight, causing the beam to be displaced only about 1 µm 
at the interferometer, yet itwas easily detectable at the interferometer. 
The random angular deflections of the laser were measured by 
splitting the beam down the center with a mirror that reflects the left half 
of the beam to one detector and lets the right half fall on a second detector. 
The outputs of the two detectors are fed to a differential amplifier so that 
when the beam is properly centered, the amplitude fluctuations of the laser 
beam balance out. Any small movement of the beam causes the signal in one 
detector to incr ease, with the other signal decreasing, thus causing a signal 
at the differential amplifier output. The movements were seen to have the 
same frequency characteristics as the noise in the interferometer. Expecially 
apparent was the noise due to the plasma oscillations at 21 kHz . The deflec-
tion signal was considerably bigger than the amplitude variation measured when 
one detector received the whole beam. Thus, ·the strong correlation between 
the motion of the beam and the observed noise seems to indicate it as a prime 
cause. 
The noise spectrum around 1 kHz was also very large· due to the 
resonant acoustic vibrations of the laser cavity that caused small deflections 
of the beam. These vibrations were fed by the turbulence of the laser cooling 
water . When the water pressure was decreased to the point just above the flow 
rate cutoff of the laser, the turbulence decreased considerably and a great 
deal of the lower frequency noise decreased significantly. For the plasma 
panel studies, this low frequency noise was of little concern and could be 
filtered out with standard electrical filters. 
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It is interesting to consider what a 1 µm displacement of the beam 
would mean to this interferometer. This small displacement causes the noise 
because of surface irregularities and inhomogeneous volume properties of the 
otp ical flats. The flats used here were made of schlieren free grade fused 
quartz with surfaces flat to A/20, with a laser grade surface polish and with 
the two surfaces parallel to one arc second. Even with these excellent 
properties, simple analysis shows them inadequate for these purposes. Take, 
for example, the fact that the two surfaces are parallel to only one arc 
second. If the laser beam moves only 1 µm across the flat, a 1 arc second 
angle between the two surfaces will cause an increase in thickness of 
60 X 
1 u,m o 
60 X 360 = 0.048 A. 
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This is clearly a strong enough variation in thick-
ness to cause the noise shown in Figure 5.4. Also, slight surface irregulari-
ties in the surface could easily cause the small phase shifts observed when 
the beam is slightly deflected. The irregularity of a single plane of atoms 
would be more than sufficient to cause the observed noise. The reason that 
the noise is not much bigger is due to the averaging effect that the beam 
performs when it passes through a large area of atoms. The optical length 
of the flats is also determined by the index of refraction of the quartz, 
which is not homogeneous. The best grades of optical quartz typically have 
-6 
a maximum index variation &n of 10 over the aperture of the flat. This 
represents only a 2 part per million change in index and at first appears 
quite good. However, for the flats used here, with a thickness of 6.3 mm, 
-6 o 
an index change of 10 represents a phase change of 63 A, which is quite 
large for these experiments. Fortunately, the index does not vary rapidly 
as a function of the distance across the aperture so that the 1 µm variations 
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in the beam position do not cause the beam to experience an index change 
-6 
anywhere near the 10 factor discussed above. 
5 . 6 Potential Improvements 
No attempts were made to reduce the noise problem discussed above 
since the existing resolution of the system was quite adequate for the 
measurements discussed in Chapter 6. However, some improvements could 
certainly be made . Better grade optical flats could be used, Those used 
in this experiment were of a very high quality, making improvements here 
difficult . A better approach would be to eliminate the vibrations in the 
beam. This could be done with a control system. The motions of the beam 
would be detected by the two detector position sensing system described in 
section 5 . 5. Its output would be fed through a feedback amplifier to an 
electro optic deflector that would correct ·the direction of the beam. The 
response of the deflector would have to be at least as fast as the fastest 
laser deflection to be corrected, which is about 150 kHz for the laser used 
here. It would be desirable to have the deflector respond much more rapidly 
so that the gain of the servo system can be increased without oscillations 
occurring due to deflector- induced phase shifts. Mechanical deflectors are 
much too slow. Acousto-optic deflectors may be fast enough, but their 
response is delayed a number of microseconds by the time for the sound wave 
to travel through the acoustic media . Thus, the acousto-optic deflector may 
cause phase delays that could make the servo system unstable . The most 
desirable deflector for these purposes seems to be the KDP electro optic 
deflector [40]. This deflector can have response times as short as 1 ns. 
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However, it is rarely used because of the high voltage (thousands of volts) 
required to deflect the beam only one beam diameter. It is ideally suited 
-3 for this application since a 1 µ,m deflection is only 10 beam diameters, 
making the required voltage swing only a few volts. The fast response of this 
deflector would make the limit on the phase delays dependent primarily on the 
servo amplifier, thus allowing a very high gain at the 150 kHz frequency 
before oscillation sets in. It is, of course, necessary to have two of these 
deflector servo systems in order to correct for displacements in both 
dimensions. 
It is interesting to speculate as to whether the deflectors are 
needed at all. Since the spurious movements of the laser beam are very 
small, for a given position of the beam on the flats there may be a simple 
linear relationship between the motion of the beam and the noise output of 
the interferometer. This would occur only if the disturbing phase change 
phenomena, such as an index of refraction gradient, varied very slowly as a 
function of the micron sized displacements of the beam. The noise output 
from the interferometer could be balanced out by combining the interferometer 
signal with the output from a position sensing detector by means of some 
differential amplifier arrangement. 
5,7 Conclusion 
In conclusion, a very simple interferometry system has been 
described that can detect small phase changes: possibly smaller than any 
previously described in the literature. Real time phase changes on the order 
-2 o 
of 10 A are readily observable. By means of signal averaging and 
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integ~ation, phase changes on the order of 10-6 Rare observable. The closest 
r e sult known to the author that approaches this sensitivity was a 10- S R 
pha3e change measured by Boersch et al. [41]. They used integration time 
-6 o 
constants similar to those used here in the measurement that achieved ~10 A. 
Their experimental setup was much more complicated and more difficult to 
set up than the one presented here. This technique requires no complicated 
ali grl!Ile3t steps . Expensive vibration isolation systems do not appear 
~ecessary . Unlike the many sensitive interferometry techniques that can 
measure small phase changes inside a laser cavity, this technique can give 
superior performance even with lossy materials. Thus, expensive Brewster 
windows or anti-reflection coating are not required , 
The present limitation of the system used here was not the f unda-
mental shot noise limit. The source of excess noise has · been located, and 
i t should be correctable through simple electrical techniques . 
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CHAPTER 6 
OPTICAL INDEX OF REFRACTION MEASUREMENTS 
6,1 Introduction 
This chapter describes the techniques and measurements that show 
the optical index of refraction changes as a function of space and time in 
the gas volume of the plasma display cell. These measurements were performed 
in hopes of being able to measure the plasma density distribution predicted 
in the computer simulation described in Chapter 2. The results of Chapter 5 
have shown that a simple interferometer is capable of measuring the very 
small index of refraction changes caused by the plasma. However, the results 
of this chapter will show that index of refraction changes due to neutral 
atom density variations present a severe noise problem that makes the plasma 
density measurement difficult. On the other hand, considerable knowledge is 
obtained about the neutral atom density changes. 
6,2 Experimental Cell Dimensions 
To start with, special plasma cells had to be constructed to place 
in the interferometer. These cells had to be compatible with the interferom-
etry measurement and still closely approximate the actual physical conditions 
found in typical plasma display panels. The most popular structure is that 
shown in Figure L 1 which was developed at Owens-Iil.linois [ 1], and is 
presently being manufactured under the trade name of Digivue. The substrate 
is typically¼ inch thick plate glass that gives the structure rigid support. 
The dielectric glass layer is usually about 25 µm thick and the gas discharge 
gap spacing is about 100 µm. These dimensions may vary by factors as great 
as 2 for various panels. 
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The electrode geometry used for experimental interferometry cells 
is shown in Figure 6.1. The length dimension of this cell is a major 
departure from the dimensions of an ordinary plasma cell, but it is necessary 
to make this cell as long as possible in order to maximize the phase change 
of the light through the interferometer. The maximum length of the cell is 
limited by the depth of focus of the optical beam. The depth of focus is 
determined by the focal length, f, and the diameter, D, of the colimated beam 
at the lens. These two quantities also affect the diameter, w, of the beam 
waist at the focal point by the well-known formula 
(6.1) 
The depth of focus, a, is approximately 
(6.2) 
From these two relations it can be shown that 
w~~ 
TT 
(6. 3) 
it is seen that there is a compromise to be made between the depth of focus 
which determines the length of the cell and the beam waist diameter which 
determines the spatial resolution of the measurement. For the 1 cm depth of 
focus needed for Figure 6.1 the optimum beam waist of about 57 µmis smaller 
than the 180 µm discharge gap; making the spatial resolution reasonable for 
this measurement. 
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Figure 6.1. Electrode geometry for experimental plasma cell used 
to measure index of refraction variations. 
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6,3 Cell Construction 
A considerable amount of effort went into developing the techniques 
necessary for making bakable, experimental plasma cells with an all glass 
structure. Although this process is done in industry oh a routine basis, the 
techniques are regarded as a proprietary art. Thus the steps of construction, 
found here to be successful, will be presented in detail. 
The cell was started by screen printing and firing the electrodes 
shown in Figure 6.1 on 3 mm thick window glass substrates. The electrode 
paste was Electro-Science 8080 which fires to a thin film gold that sticks 
very well to glass, Considerable experimentation showed that a 120 mesh 
stainless steel screen gave the proper thickness of the paste. A thicker 
paste would cause the gold to flake off after firing. A thinner paste would 
leave the gold too thin, causing it to be dissolved during the dielectric 
processing steps. The resulting gold film was measured to be about 3000 K 
thick. A two zone belt furnace was used for firing. The first zone was set 
0 0 
at 200 C and the second at 640 C. This is just below the temperature at which 
the window glass substrate begins to soften and sag. 
The second step is to screen print the dielectric glass layer 
over the electrodes and substrate. This dielectric glass must soften at a 
much lower temperature than the substrate glass and also must have nearly 
the same expansion coefficient of 85 x 10-7 per degree celsius. Initially 
such a glass was made in the lab from raw chemicals, This was a rather 
involved and time consuming process, Later, Electro-Science 4011C paste was 
found to give good results. A 80 mesh stainless steel screen was found to 
give a final fired thickness of about 25 ~m. The same 2 zone belt furnace 
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was used with a complete cycle of about 30 minutes. The first zone was set 
0 0 to 390 C and the second to 640 C. The result was a reasonably flat transparent 
dielectric layer over the thin film electrode. For electrical connection 
purposes, the total electrode geometry looked like a T. The horizontal bar 
of the Twas the discharge cell electrode shown in Figure 6.1, and the vertical 
bar is for connecting the sustainer. Part of the connecting bar was left 
uncovered by dielectric so that electrical connection could be made. 
Two of these substrate electrode structures are connected to make 
a cell. Two thin glass rods are used to separate the two substrates and 
define the discharge gap spacing of 150-200 µ,m. If a bakable cell is to be 
made, the two pieces must be connected together with another glass. This 
glass must meet all of the expansion coefficient requirements of the other 
glass materials and it must fire at a lower temperature than the dielectric 
glass so as not to disturb it. Because of the structure of this cell, a 
number of pieces must be attached during different firing cycles. Thus the 
solder glass from previous firing cycles must not soften, This problem is 
solved by using a devitrifying solder glass. This material has the properties 
that while it is being fired, it crystalizes and sets, On subsequent firings, 
the glass will remain set, and would have to be fired at a much higher 
temperature before it would soften. The solder glass used here was Owens-
Illinois CV-97. It was mixed in powdered form with a solution of nitrocellous 
in amyl acetate, that acted as a binder. The resulting slury was placed in 
the areas to be sealed. The pieces were fired in an oven for one half hour 
at 390°G to burn out the binder and then at 470°G for l½ hours to set the 
glass. 
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The first firing stage was used to connect the two substrates 
together at the proper gap spacing and orientation. The cell was then 
sawed at two ends in preparation for the entrance and exit window mounting. 
The laser beam shown in Figure 6.1 is normal to the saw planes, Both saw 
planes were positioned as close to the electrode as possible without 
touching, Two more solder glass sealing and firing steps were performed to 
attach the windows. A final solder glass sealing cycle was needed to connect 
the gas filling tubulation to a hole drilled in one of the substrates. The 
cell was then ready for evacuation, bake-out and gas filling, The cells 
-7 
were typically evacuated to better than 10 torr. The bakeout was usually 
about 350°c. The filling gases were always research grade inert gases, 
For some cells, where quick and easy results were desired, the 
substrates, windows and tubulation were all sealed using Torr Seal vacuum 
epoxy. These cells could not be baked out and thus the gas mixture would 
become contaminated after a few hours. However significant results can be 
obtained shortly after filling, 
6,4 Cell Positioning in the Interferometer 
The completed cells were positioned in the beam waist of the 
interferometer with standard micromanipulators having micrometer head drives. 
This alignment step is a little tricky, but with practice, the cell can be 
in complete alignment with the beam in less than 5 minutes. Figure 6.1 shows 
that the cell is moved in a vertical direction relative to the beam in order 
to probe the various regions of the space across the discharge gap. This is 
done very easily and accurately with the micrometer headscrew. 
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It should be noted that the cell can be placed in either leg of 
the interferometer as shown in Figures 5.1 and 5.2. However the leg shown in 
Figure 5.2 is preferred. For reasons discussed later in this chapter, it is 
desirable to be able to operate the interferometer at a number of different 
laser wavelengths. Because of dispersion in the optical flat material, the 
beam in the cell shown in Figure 5.1 will be in a different position for each 
wavelength. This is obviously a disadvantage if the wavelength response for 
a single point in the cell is desired. The cell positioning shown in 
Figure 5.2 does not have this problem since the beam arrives at the cell 
through a reflection that must have no angular dispersive properties. 
6.5 Experimental Results 
Figure 6.2 shows typical phase change results obtained with the Ar+ 
laser in a cell with electrodes of approximately the geometry shown in 
Figure 6.1. The beam is positioned at the center of the discharge gap. Each 
discharge of the cell is seen to initiate a series of :c,trong oscillations 
that damp out with time. These phase changes are not typical of electron 
density changes but rather of neutral atom density changes [ 42, 43]. In a 
simple analysis, there are two density changes that can be measured by 
measuring the phase change of transmitted light. The phase change of the 
electrons, behaves as described by equation (5.1). When the phase change 
due to the neutral atoms is added, the total phase change in radians is 
(6. 4) 
Discharge 
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Discharges 
5 µ.. sec/cm 
1 µ. sec/cm CP-805 
Figure 6.2. Typical phase changes observed in the experimental plasma 
cell. The index of refraction increases upward. The beam 
is positioned in the center of the cell. 
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where Lis the length of the plasma cell which is 1 cm for this case, ~N is 
a 
the change in atomic number density, and~ is a constant which is character-
istic of the gas. It can be found from 
(6.5) 
where n is the gas index of refraction at STP, p is the pressure in pascals 
0 
(1 torr= 134 pascals), K is Boltzman's constant, T is temperature, and N 
0 
is the number density of atoms at STP. N 2.71 1025 -3 = X m 0 
Since both neutrals and electrons give a phase change, it is not 
easy to separate the two effects. Although the two terms in equation (6.4) 
have differing signs, there is no way of telling whether the electron or 
atom density is increasing or decreasing, making the sign information of 
little value, The standard solution used by most researchers is to perform 
the measurement at a number of wavelengths [35J. Because of the wavelength 
dependence of the two terms, there is a possibility of separating them. 
The measurement of plasma display cell phase changes shown in 
Figure 6.2 shows rapid changes that are primarily due to atomic density 
changes. The density changes are due to sound waves that are initiated by 
the gas discharge, These sound waves travel back and forth from the anode 
to the cathode for many cycles before they are damped out by absorption. 
The exact nature of these sound waves can be determined by observing them 
for different positions along the discharge gap. Figure 6.3 shows the cell 
discharge current and the phase changes for five differing positions along 
the discharge gap. The lowest trace shows the discharge current. Progressing 
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Anode 
Center 
Figure 6.3. Measured phase changes for various positions along the 
discharge gap. The lowest trace is the discharge current. 
The 5 remaining traces show the phase changes for various 
regions. Index of refraction increases upward. The 
vertical scale is 5 R per division and the horizontal is 
0.5 µs per division. 
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upward, the next trace shows the phase change at·the cathode. The third 
trace shows the phase change 54 µm from the cathode. The remaining traces 
are spaced by 54 µm, the top trace being at the anode. From Figure 2.16, it 
is seen that most of the discharge activity occurs near the high field region 
of the cathode. The hot electrons near the cathode will locally heat the 
neutral atoms. The more ·energetic neutral atoms will fly out of the cathode 
region and thus cause a decrease in density. This decrease is very clearly 
shown as a strong decrease in the index of refraction at the cathode at the 
time of the discharge. The impulse of atoms flying out of the cathode 
region sets up a sound wave that is first seen a short distance away from 
the cathode as an increase in index of refraction. The sound wave travels 
through space and time until it hits the anode in the top trace and is 
reflected back to the cathode. This bouncing between the cathode and anode 
continues for many microseconds as shown in Figure 6.2. 
The question arises as to how much of the phase change shown in 
Figures 6.2 and 6.3 is due to electrons. Clearly the rapid oscillations are 
due to the neutral density changes since the waves observed in Figure 6.3 
travel at the velocity of sound. However, Figure 6;2 shows lower frequency 
components that may be due to electron density changes. To check this, the 
interferometer was operated with a home built He Ne laser that oscillated 
simultaneously at 6328 Rand 1.15 µm. From equation (6.4), the ratio of the 
neutral phase change to the electron phase change should be 3.1 times smaller 
at 1.15 µm than 6328 R. Thus any electron phase cha~ges that are observable 
in Figure 6.2 should show up much more strongly at 1.15 µm. The sensitivity 
of the interferometer with less than a milliwatt coming from the He Ne laser, 
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was considerably less than that shown in Figure 6.2. However with a boxcar 
integrator, the phase changes due to the shock waves could be resolved as 
good as shown in Figure 6.2. As closely as could be measured, the phase 
changes in radians were inversely proportional to wavelength for both wave-
lengths. Thus to the resolution of Figure 6.2, all of the phase change is 
due to neutrals. This is not too surprising, since calculations presented 
in section 5.2 showed that an electron density of 1012 cm-3 should yield a 
-2 o phase change of only ~10 A. The data shown in Figure 6.2 is scaled at ~l K 
per division. Thus one could hardly expect to see an electron phase change 
even at 1.15 µm with this resolution. The neutral atom phase changes seem to 
amount to a 5 K shift. Thus there could easily be a ratio of 500 between 
the neutral and electron phase shifts. To separate these two by a two wave-
length experiment will require an accuracy of the measurements much greater 
than that given by oscilloscope traces and possibly even by boxcar integrators. 
For the moment it appears that even with the very sensitive interferometry 
system described in Chapter 5, the electron density cannot be measured 
because of the neutral density noise. 
6.6 Neutral Density Measurements 
More will be presented later on in this chapter discussing ways to 
get around this noise problem, but for now lets examine what can be learned 
about the discharge from our ability to very accurately measure the neutral 
atom density in space and time. 
A basic assumption that was used in all calculations presented in 
Chapters 2 and 3 was that the neutral atom density was constant. This is of 
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course an approximation, but how good of an approximation? From equation (6.4) 
and Figure 6.3, it can be easily calculated that a 5 i phase shift represents 
1016 -3 h . d . only a 2 x cm c ange in ensity. Since the atomic density at 250 torr 
and 2s0 c is 8.84 x 1018 cm-3 , it is seen that the perturbations are clearly 
very small, making the constant density approximation a good one for the 
neon+ 0.1% Xe mixture. 
This is probably not true for all gas mixtures, however. An 
example is shown for 250 torr xenon. Pure xenon is an attractive choice for 
color plasma display panels that use the ultraviolet light generated by the 
xenon to excite phosphorus [44]. Figure 6.4 shows the sound waves for a 
cell with 250 torr xenon. The sound waves give about a quarter wavelength 
phase change. Such a large phase distorts the approximate linear relation 
between the phase change and the output of the interferometer, however the 
cos
2 
relationship shown in Figure 5,3 still exists. This large phase change 
is partially due to the fact that the index of refraction at STP of xenon is 
1.000708 [45] whereas that of neon is only 1.0000673 [46]. However the 
atomic density change due to the sound waves in xenon is also very much 
larger than that of neon. The data of Figure 6.4 shows density changes as 
great as 10% of the equilibrium density. The approximation of uniform neutral 
density starts to breakdown and thus the effects of the soundwaves must be 
included in the discharge simulation. 
The measurements presented above show only the high frequency 
changes in neutral atom densities. There is, however, a steady state change 
that occurs depending on whether the cell is on or off. This density change 
is governed by the heating of each discharge and the thermal relaxation or 
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Figure 6.4. Sound waves observed in 250 torr Xe. The horizontal 
scale is 10 µs per division. 
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cooling of the gas. Thus this steady state change is established after a 
number of discharges and is strongly dependent on the repetition rate of the 
discharges. To measure this, the cell was effectively turned on and off by 
interrupting the sustain generator for many cycles. This data is shown in 
Figure 6.5 where the cell, which was initially sustained at a 50 kHz rate, 
was turned off by stopping the sustainer. The neutral density increases to 
its equilibrium value in a few hundred microseconds. After the equilibrium 
value is reached, there are still small fluctuations due to sound waves 
traveling long distances through the entire cell structure. After 9 milli-
seconds of interruption, the sustainer was again applied and the discharges 
caused a new steady state value to be achieved. The wide band structure of 
the second half of the trace is due to the high frequency sound waves 
bouncing between the anode and cathode in the manner shown in Figure 6.2. 
Figure 6.6 shows data for the same experiment but with only a 1 millisecond 
sustainer interruption. The time constant for the relaxation of the gas 
density to equilibrium appears to be about 100 µ,s. Figure 6.7 shows data 
for even a shorter time scale where the interruption of the sustainer was 
only about 150 µ,s. In this case the cell never reaches a steady state 
situation. The sound waves reflection between the cathode and anode are 
clearly visible here. With each discharge the neutral atom density decreases 
slightly due to the additional heating that each discharge introduces. 
It is interesting to note that in the last 3 figures, the maximum 
and minimum of the light from the interferometer was set to be at the top 
and bottom lines of the scope grid. Thus again the scope traces do not have 
a linear relationship with the phase change, But clearly the phase change 
Sustain 
off 
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on 
----min 
Figure 6.5. Steady state phase change component in 250 torr Xe due to 
interruption of the sustainer. The horizontal scale is 
2 ms per division. The sustain frequency was 50 kHz. 
The index of refraction increases downward. 
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Figure 6.6. Phase change for the same conditions as in Figure 6.5, 
except with only a 1 ms interruption. The horizontal 
scale is 200 µs per division. The index of refraction 
increases upward. 
Sustain 
on 
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Figure 6. 7. Phase change for only a 150 µ s interruption. The horizontal 
scale is 50 µ s per division. The index of refraction 
increases upward. 
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shown here is between a quarter and a half wavelength. Such large phase 
changes are easily observable with the eye. This could be done by turning 
the sustainer on and off at a rate below 10 Hz. These phase changes were 
observed at all frequencies down to DC, indicating that the relaxation time 
of 100 µsis the only one of importance. 
The thermal conductivity of neon is much greater than that of xenon 
so that the cell reaches steady state much more quickly as seen in Figure 6.8, 
However because of this greater thermal conductivity, less thermal energy can 
be stored in the gas and thus the neon neutral atom temperature is much 
closer to the temperature of the glass wall. Thus the steady state density 
changes in neon are not as great as those for xenon. 
6.7 Neutral Temperature Measurements 
The above measurements indicate the nature of the neutral density 
changes in the gas. Some of these density changes are caused by temperature 
changes. The temperature changes are indirectly measurable by observing the 
density changes that they cause. For instance, in Figure 6.3, the trace of 
the phase change at the cathode shows that at the time of the discharge, the 
index of refraction dropped sharply. This is a decrease in neutral density 
directly attributable to a sharp increase in temperature near the cathode 
region, The traces of Figure 6.3 for regions away from the cathode do not 
show this sharp drop at the time of the discharge and thus there is not 
much heating. One problem with this technique is that the sound waves also 
cause similar changes in neutral density. Thus it is easy to misinterpret 
the observed phase changes. Nevertheless, this is a useful qualitative 
technique for observing the areas of heating. 
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Figure 6.8. Steady state phase change data for a neon plus 0.1% xenon 
mixture. The vertical scale is 10 R per division and 
the horizontal scale is 50 µ s per division. 
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A second problem with determining the temperature change by watching 
the neutral density change is that one finds out only the temperature change 
and not the actual temperature. As indicated in Figures 6.5 through 6.8, it 
typically takes a number of discharge cycles before the gas comes to an 
equilibrium temperature. Thus a technique is needed to measure the absolute 
temperature of the gas. Fortunately a simple way of doing this is to measure 
the velocity of the sound waves bouncing between the cathode and the anode. 
The velocity of sound in a gas is proportional to the square root of temper-
ature and very weakly dependent on gas pressure. This pressure dependence 
is too weak to be of concern for the following calculations. By measuring 
the time for the sound waves to make many cathode- anode transits, the 
velocity can be accurately determined with knowledge of the cathode-anode gap 
spacing. To make the temperature measurement less dependent on the gap 
spacing measurement, the sound wave velocity was measured at a number of 
different sustain frequencies. If the sustain frequency is very low like 
1 kHz, then the temperature of the gas will be very close to the ambient 
temperature of the glass walls. This is true for most all gases since 
Figure 6.6 shows that even a low thermal conductivity gas like Xe reaches an 
equilibrium temperature after a few hundred microseconds. Once the velocity 
is measured at 1 kHz, the sustain frequency is then increased to the desired 
value, e.g. 50 kHz. Because of the dependence of velocity on temperature, 
the following relationship holds for the two velocities and temperatures: 
(6.6) 
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where TH and VH are the temperature and velocity at the high sustain frequency, 
and TL and VL are for the low sustain frequency. TL is assumed to be the 
ambient temperature of the glass panel. The velocities are not actually 
measured, but some convenient transit time which is proportional to the 
velocity. This might typically be the time for 10 round trip transists of 
the sound wave . 
One would expect that a cell filled with xenon should show the 
largest temperature changes because of its poor heat conductivity and its 
intense discharge. The transit times were measured with 50 kHz and 1.5 kHz 
sustain frequencies. The results showed that the gas temperature at 50 kHz 
0 
was 36 C above the temperature at 1.5 kHz. This was with 250 torr Xe and a 
185 µm gap spacing. This is the same plasma cell used in Figures 6.4 through 
6.7. Such a large temperature change is consistent with the ~iO% density 
changes shown in Figure 6.5. Thus in the case of pure Xe, the effects of 
average gas temperature are significant and must be included in any theory 
of operation . 
For more standard gas mixtures such as Ne+ 0.1% Xe, the tempera-
ture change is much smaller and is not detectable with the sound velocity 
technique because of limited oscilloscope resolution. The resolution limits 
0 
show that the temperature increase cannot be greater than 5 C. If one 
assumes that the density change such as shown in Figure 6.8 is completely 
due to a change in temperature at constant pressure, then the temperature 
change in Ne+ 0 . 1% Xe at 500 torr and a gap spacing of 185 µmis 3.5°c. 
Thus for typically used gas mixtures in plasma display panels, the gas is 
always within a few degrees C of the ambient glass temperature. This is 
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not to say that the glass does not get well above the room ambient. It is 
well-known that a fully lit plasma panel may rise 10 or 15°c above ambient. 
However the gas temperature will always be within a few degrees C of this 
warmer glass ambient. Thus any model of Ne filled plasma panels can justi-
fiably neglect the effects of neutral gas temperature change. 
6.8 Electron Density Measurement 
The laser interferometry technique seems to be an excellent way to 
measure the neutral atom density in the plasma display panel. However, these 
interferometry experiments were performed in hopes of measuring the electron 
density, a quantity much more important to the operation of the device. 
12 -3 -2 o Since an electron density of 10 cm should give about a 10 A phase change 
for this experimental setup, it is clear that the problem is not the signal 
to noise ratio of the system since, as shown in section 5.4, 10- 5 R phase 
changes are above the noise level of this system for reasonable integration 
times. Thus in theory, the electron density is measurable if the electron 
and neutral densities can be separated. 
The standard technique for separating these two densities is to 
perform the measurement at two different laser wavelengths as discussed in 
section 6.5 [35J. From equation (6.4) it is desirable that the two wave-
lengths be as far apart as possible in order to maximize the difference of 
the resulting phase changes. 
For signal to noise reasons discussed extensively in Chapter 5, an 
argon ion laser has been chosen for these experiments. For the available 
laser power the best choice is ),.l; 5145 Rand t- 2 ; 4579 R. Unfortunately 
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these wavelengths are not very far apart. From the discussion of section 6.5, 
the neutral density term should be about 500 times larger than the electron 
density term df equation (6.4). Simple mathematics shows that in order to 
resolve an electron density change with a signal to noise ratio of one, the 
accuracy of the phase change measurement at each wavelength must be greater 
than 1 part in 103• This is virtually impossible to attain since most 
averaging instruments, such as boxcar integrators, only have a dynamic range 
3 
of 10. Even if a suitable averaging instrument could be found, it would 
be extremely difficult to keep the interferometry system stable to 1 part in 
103 • 
This great accuracy is required because of the large ratio between 
the neutral phase change and the electron phase change. One approach that 
gets around this problem is an attempt to cause an electron density to change 
in the panel without causing any neutral density perturbations. This 
technique relies on the ability to remove the electrons from the gas volume 
by placing appropriate voltage waveforms on the cell, As shown in Chapter 
4, a significant change in sustain waveform has the effect of sweeping the 
plasma out of the volume. The desired signal is the change of phase due 
only to the removal of the electrons, After the sweep out pulse, all 
measured phase changes will be due to neutrals. In sustain cycles where 
no sweep out pulses occur, the phase changes will be due to both neutrals 
and electrons. By carefully subtracting the waveforms presented by these 
two types of sustain cycles, one can subtract out the neutral density changes 
and end up with only the electron density changes. 
192 
To perform this subtraction the equipment shown in Figure 6,9 was 
used, The delay line used was an Allen Avionics series HR, lumped constant 
delay line with 30 µs delay and 0,3 µs rise time. The sustain frequency was 
carefully adju~ted so that one complete sustain cycle equaled the delay time 
of the del~y line. Since the delay line attenuates the signal by about 8 db, 
a simple attenuator was used to balance the inputs to the differential 
amplifier. The RC filter takes out the frequency components that the delay 
line will not pass due to its limited rise time. This limited frequency 
response has a greater effect on attenuating the neutral atom phase changes 
than on the electron density phase changes since the electron density 
changes are much slower. 
The technique was to use the sustain waveform shown in Figure 6.10. 
A perfect square wave sustainer was used in order to maintain the plasma 
for as long as possible. After a sufficiently long number of sustain cycles 
to insure that the discharge has stabilized, the premature fall of the 
sustain cycle is introduced to sweep out the plasma. For clarity, Figure 
6,10 shows the expected electron density phase changes only. It must be 
remembered that the neutral density phase changes are superimposed on top 
of these electron phase changes, If the neutral density does not change due 
to the introduction of the sweep out pulse, then all of the neutral changes 
will be canceled our during the period of interest. 
Thus assuming a perfect delay line, the electron density change 
due to the sweep out pulse should be easily observable. Unfortunately the 
delay line used here is by no means perfect. It introduces distortions on 
the order of a few percent. This is not enough to appreciably affect the 
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Figure 6.9. Experimental arrangement used to separate the neutral 
phase changes from the electron phase changes. 
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Figure 6.10. Diagram showing the various signals that produce the 
resultant electron phase change signal. 
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shape of the electron density curve, it however also changes the shape of 
the neutral density curve and thus the neutral changes do not cancel out in 
the differential amplifier. During the period of interest, the difference 
of the neutral density signal and the delayed distorted neutral density 
signal is a distorted neutral density signal that is still much greater than 
the expected electron density change, However this resultant distorted 
neutral signal is much smaller than the original undistorted neutral signal. 
Thus although the delay line does not solve the problem completely, it does 
decrease the neutral signal without decreasing the electron density signal, 
thus easing the dynamic range requirement on the averaging equipment. The 
boxcar integrator can again be used. For these experiments a P.A.R. 162 dual 
channel boxcar integrator was used. Since the delay line is made entirely 
of linear circuit elements, the distortion is primarily due to ringing and 
overshoot, thus it will be consistent from one discharge cycle to the next. 
The electron density change during the period of interest can be extracted 
from the distorted neutral signal by having one boxcar channel sample the 
period of interest, and having the second channel sample a period 30 µs 
before the period of interest. By subtracting the outputs of 'the two 
channels, one can cancel out the greatly distorted neutral changes and be 
left with only the electron density changes. 
The above technique worked quite satisfactorily without limitation 
from dynamic range of the boxcar integrator. The noise limiting factors 
again became shot noise and laser plasma noise as discussed in Chapter 5. 
The output of the boxcar clearly shows the phase change due to the intro-
duction of the sweep out pulse. The question that needs to be answered is: 
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is this phase change due to a decrease in electron density due to the sweep 
out mechanism, or is it due to a neutral density change similarly induced by 
the sweep out pulse? To answer this, the phase change data in various 
locations in the cell was measured for different sweep out pulse shapes in 
order to determine the characteristics of the sweep out mechanism. Also, 
two wavelength interferometry was used, 
Figure 6.11 shows the typical phase changes in various regions of 
the plasma cell due to the sustain voltage fall, The index of refraction 
increases upward, At the fall, the field polarity in the gas volume reverses 
direction. Thus the cathode and anode functions of the two electrodes are 
exchanged. In Figure 6.11 the cathode trace refers to the polarity 
situation after the sustainer fall. The five traces show the changes at the 
cathode, 25 µ,rn from the cathode, and so on to the bottom anode trace. The 
sustain fall seems to cause an index increase that is seen to be strongest 
at the anode. This soon gives way to a large decrease in index that lasts 
for at least 10 µs. 
The complete interpretation of this data is not clear at this 
point. It seems reasonable to attribute the long lived decrease in index 
to a gas heating mechanism caused by the discharge activity that occurs when 
the sustain voltage falls. The fact that the index decrease is stronger for 
the traces near the new cathode confirms this theory. For the long decrease 
to be due to electrons, the electron density would have to increase consider-
ably due to the sign of the electron term in equation (6,4). However from 
the capacitance and microwave measurements, this clearly cannot be true. 
Thus the neutral density decrease is the only possibility. 
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Figure 6.11. Phase changes due to the fall of the sustain pulse for 
various positions along the gap . The index of refraction 
increases upward. The horizontal scale is 1 ].6 per 
division . The vertical scale is 0 . 1 R per division. The 
integration time constant for this data was about lµ s. 
Thus the phase change behavior shown here is smoothed 
out considerably. 
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The short increase in index, shortly after the sustain fall is 
much more difficult to assess. There is a reasonable possibility that it 
is due to electron density changes. When the electrons are swept out, their 
density decreases so that from equation (6.4), the index of refraction should 
increase. On the other hand, this increase could be due to a neutral density 
increase. If the density decreases due to the heating in the cathode region, 
then the atoms leaving the cathode region may go toward the anode and cause 
the observed increase. There are also other possibilities that are too 
detailed to mention here. However, it is clear that the only way to resolve 
this problem is to perform the two wavelength experiment. If the index 
rise is due to electrons only, it should be clearly resolvable with little 
or no interference from the neutrals, 
Unfortunately, significant two wavelength data had not been 
obtained at the end of the experimental period. For signel to noise reasons, 
the most intense Ar+ laser lines at 5145 Rand 4880 R were used. From 
equa t i on (6.4) the ratio of the electron phase changes to the neutral phase 
changes should change by about 10% between the two wavelengths . In spite of 
consider able effort , the accuracy of the measurements could not be maintained 
to greater than 10%. This problem appeared to be primarily due to the 
inability to position the laser beam to the same spot in the cell when the 
laser prism was moved to change wavelengths . Thus a better positioning 
system or a laser with a wider wavelength separation is needed. 
If the index increase is totally due to electrons, then a 0.1 j 
13 -3 increase corresponds to about a 10 cm plasma density. This is about 
the value suggested by the computer calculations shown in Figure 2.9. 
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CHAPTER 7 
CONCLUSION 
A number of significant achievements have been presented in this 
thesis. A computer simulation has suggested the existence of a plasma that 
remains in the gas volume for many microseconds after the discharge peak. 
RF capacitance and microwave transmission experiments have demonstrated 
plasma lifetimes as long as 100 µs. The plasma decay can be accelerated by 
the application of small RF or microwave signals. More dramatic is the 
plasma sweep out effect observed when the sustain voltage makes a sudden 
amplitude change. The existence of this plasma has important consequences 
with regard to the memory margin and speed of operation of this device. 
A major step has been taken in the theoretical understanding of 
the operation of the device. With the aid of a computer simulation, the 
final theoretical links have been found that provide an explanation of the 
memory characteristics of this device in terms of basic physical laws. Two 
independent physical mechanisms have been found that will provide memory. 
One is strongly dependent on the sustain waveform shape, and the other 
dependent on the value of the product of the gas pressure and the discharge 
gap spacing. 
An important spinoff of this research has been the development of 
a very sensitive optical interferometry system that is capable of measuring 
-5 o phase changes smaller than 10 A. This result is better than any known, 
previously published result. This system is extremely simple and requires 
no complex alignment steps. 
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This interferometer has been used to demonstrate the existence of 
strong sound waves that are generated by the intense discharge activity in 
the cathode region. These waves propagate back and forth across the gas 
volume for many microseconds after the discharge. Measurement of the sound 
velocity has aided in determining the absolute temperature of the gas in the 
cell. In typical gas mixtures it is no more than a few degrees centigrade 
above the glass wall temperature . 
Unfortunately, the sound waves cause very large index of refraction 
changes that obscure the small changes due to the plasma. Although some 
clever techniques may have circumvented the sound wave noise problem, it is 
not possible, at the end of this study, to say with reasonable certainty that 
an index change due to the presence of a plasma has been observed. 
Although a large number of significant results were achieved here, 
a full understanding of the plasma panel discharge dynamics is far from 
complete. The time when a design engineer can sit down and prescribe a 
panel geometry, sustain waveform and gas mixture to give him a desired 
electric and optical characteristic is very far off. However the results 
presented here should provide useful guides to direct further empirical 
work. For instance, from what was learned in Chapter 3, it is clear that 
the square wave sustain wave is inferior to the non-square wave with regard 
to memory margin. It is not at all clear that the waveform shown in Figure 
3.8 will give the best margin achievable . Thus other waveforms must be tried 
with the guidance of the theories and experiments presented here. With the 
proper design parameters, it may be possible to achieve the ideal charge 
transfer curve, shown in Figure 7.1, that will allow the maximum possible 
memory margin . 
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Figure 7.1. Ideal charge transfer curve. 
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The memory margins existing in present day panels are generally 
regarded as barely adequate. Any improvement would have the major benefit 
of lowering c.ost in a number of areas G Larger memory margins would increase 
panel yield, increase reliability, and thus lower maintenance costs, increase 
panel lifetime, and relax tight drive electronics specifications. With all 
of these potential benefits, it is surprising that many of the major corpora-
tions marketing plasma display panels do not have major research programs 
devoted to an understanding of the device physics, 
Besides increasing memory margin, the discharge physics studies 
may play a major role in the reduction of drive circuitry costs. Recently, 
Schermerhorn [47] has shown that the plasma display cell can be used as a 
four input logic element that is capable of performing some of the decoding 
normally done by circuitry. He has demonstrated a large area panel that 
requires only 96 electrical connections instead of the usual number of 1024. 
This is sure to have an important impact,in an industry where electrical 
connections are rapidly becoming the most expensive circuit elements. 
Unfortunately, Schermerhorn's technique will be useful only for a limited 
number of display applications because of slow update rates. However with 
knowledge of the discharge physics, there is a good chance that the gas 
discharge can be made to act as a logic element in other ways that will allow 
the normal high update rate. 
In conclusion, a number of important advances in understanding the 
discharge dynamics of the plasma display panel have been made in this thesis. 
These advances represent only a start, Many of the experiments and theories 
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described here deserve a considerable amount of further development. Such 
research has a very encouraging potential for increasing device performance 
and reducing cost. 
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